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Abstract 
Constraints and opportunities for lucerne (Medicago sativa L.) Caucasian clover 
(Trifolium ambiguum M. Bieb), and Russell lupin (Lupinus polyphyllus L.) in the 
high country of New Zealand 
by 
Saman Berenji 
This research focused on perennial legumes for the low fertility regions of the New Zealand high 
country. The aim was to improve production of legume species in these regions. A six-year field 
experiment at the Lees Valley evaluated the production of lucerne (Medicago sativa L.), Caucasian 
clover (Trifolium ambiguum M. Bieb.), white clover (T. repens L.), and red clover (T. pratense L.). Low 
soil pH and phosphorus deficiency were addressed by lime and P fertiliser application, but lucerne 
persistence was low at this site. Caucasian clover was the most persistent legume with the highest 
sown species component (93%) and yield (7.8 t DM/ha) in last season. Lucerne yielded 4.2 t DM/ha in 
Year 1, but this decreased to 2.7 t DM/ha in Year 3, and 1.0 t DM/ha in Year 6. Causes of these extreme 
responses were examined in a series of pot experiments. In the Lees Valley soil, 85% of lucerne 
seedlings died, when no lime was applied (pH 5.4, Al> 6.0 mg/kg) compared with 40% of Caucasian 
clover seedlings. The 2 t/ha lime application, increased lucerne seedling survival to 80% (pH 6.1, Al< 
0.03 mg/kg). A similar survival rate was achieved for Caucasian clover with 1.0 t lime/ha. Results 
showed low pH and high Al content of the Lees Valley soil suppressed the growth of fine roots and 
nodulation of lucerne, more than Caucasian clover. However, the level of difference in Al tolerance 
between the two species could not fully explain the field experiment results at the Lees Valley. The 
main limitation for lucerne persistence was nitrogen deficiency, as a consequence of nodulation failure 
due to the Al toxicity.  
Three field experiments were conducted at Glenmore Station and Ashley Dene, to further confirm 
results. Russell lupin (Lupinus polyphyllus L.) was included in these later experiments as a potential Al 
tolerant legume. The percentage of nodulated plants for Russell lupin was constantly over 75%, over 
two years of the field experiments at Glenmore station and Ashley Dene. In contrast, for lucerne and 
Caucasian clover, nodulation decreased to zero and 25%, respectively over time in the high Al soil > 5 
mg/kg at Glenmore station, but not under moderate levels of Al (ca. 3-4 mg/kg soil) at Ashley Dene. 
ii 
Nodule persistence of lupin was a key factor for plant survival in the high Al soil. At Glenmore station, 
Russell lupin was successfully established into resident vegetation and yielded over 10 t DM/ha in Year 
2. Its vigorous growth was supported by consistent nodulation (75%), in the high aluminium content 
soil. This highlighted its potential to provide a nitrogen fixing perennial legume for environment that 
is unsuitable for lucerne. Caucasian clover establishment was low in both field experiments, but yielded 
4 t DM/ha in Year 2 at Glenmore station. At Ashley Dene the nodulated lucerne plants produced 8.0 t 
DM/ha, compared with 2.0 t DM/ha in un-nodulated plants. The 15N natural abundance method 
showed ca. 70% of the nitrogen in nodulated plants was derived from BNF. This meant 122 kg N/ha of 
inoculated lucerne was fixed within six months. Thus lucerne was highly reliant on nitrogen fixation in 
an N deficient soil.  
Surface applied lime rates >4 t/ha, increased the top-soil pH from 5.2 to 5.8 and decreased 
exchangeable Al levels to less than 3 mg/kg in 0-75 mm of soil depth, in the Lees Valley and at Glenmore 
Station. However, toxic Al levels in deeper soil horizons and its variability compromised the efficiency 
of surface lime application to enable lucerne persistence at both sites. The measurable effects of lime 
were less obvious in 75-150 mm of soil depth. Similar changes in soil pH and Al levels were measured 
at Ashley Dene but only 2 t lime/ha was required.  
Combined results from the field and pot experiments suggested the main limiting for lucerne and 
Caucasian clover was nitrogen deficiency that should be provided from BNF in these low N and high Al 
soils. Therefore the fate of applied rhizobia inoculants, and the possibility of competition with any 
naturalized rhizobia strains inhabiting lucerne and Caucasian clover nodules was assessed. Eight 
naturalized strains of Sinorhizobium meliloti were identified from lucerne nodules grown in different 
high country regions. This was the first identification report of any naturalized S. meliloti occupying 
lucerne nodules in New Zealand. Soil pH and related Al levels affected the contribution of rhizobia 
strains to occupy lucerne nodules. At soil pH of 5.5 (2.8 mg Al/kg), 50% of the recovered isolates were 
the commercial strain. This proportion decreased to 6%, as the commercial genotype had been 
replaced by naturalized S. meliloti strains when the soil pH increased to 6.7 (Al< 0.3 mg/kg). Further 
studies are therefore required to evaluate competitive ability, nodulation and nitrogen fixation rate of 
these identified naturalized strains, compared with the commercial strain. In contrast for Caucasian 
clover, the applied commercial strain was the only identified Rhizobium leguminosarum from nodules, 
irrespective of sites. This indicated high specificity of Caucasian clover for rhizobia symbiont to 
nodulate the roots. 
Keywords: acidic soil, Caucasian clover, exchangeable aluminium, lucerne, Lupinus polyphyllus L., 
Medicago sativa L., naturalised rhizobia strains, New Zealand high country, nodulation, Russell lupin, 
Trifolium ambiguum M. Bieb.,   
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Chapter 1 
General introduction 
1.1 Overview 
Agriculture in New Zealand is primarily based on pasture with the potential stock production of grazing 
systems dependent on the yield, nutritive characteristics, and utilisation of pasture (Brown et al., 
2005). There are two main types of pastoral based farm systems in New Zealand. Dairy farming needs 
irrigation or occurs in regions with reliable rainfall of at least 1000-1200 mm to achieve constantly high 
pasture growth. In contrast, sheep and beef farming systems are often based on less productive hill 
and high country land and in regions with lower fertility soils. In east coast regions, the annual rainfall 
ranges from 300-800 mm, and summer evapotranspiration exceeds rainfall in the most years. Because 
dairy farming has been more profitable, land has been converted to dairy. In the last 15 years, much 
of the flat areas in Canterbury have been converted to irrigated dairy farming (Moot et al., 2010) as 
have areas in Southland and Otago. Therefore, to remain viable sheep and beef farmers need to 
produce economically on a reduced land area and to intensify their less productive land.  
New Zealand pastoral farming systems have traditionally relied on grasses and clovers/legumes. In all 
systems, the most common pasture is a binary mixture of perennial ryegrass (Lolium perenne L.) and 
white clover (Trifolium repens L.). However, this mixture is unreliable in dryland hill and high country 
areas and has low persistence (Chapman et al., 1986; Charlton, 1984; Daly et al., 1996; Knowles et al., 
2003; Mills et al., 2014; Milne, 2011). This low persistence is due to shallow roots of ryegrass and white 
clover, which limits their access to soil water. As a consequence, this can lead to water stress and high 
soil temperatures that reduce herbage quantity and quality during dry summer and autumn periods, 
causing reduced stock production (Brown et al., 2005). Therefore, there is a need to identify alternative 
pasture species suitable for introduction to these regions. Perennial legume species, in particular, are 
important as the driver of sustainable farm systems according to their nitrogen fixation ability and high 
quality feed. There has been little agronomic research directed towards dryland pasture, particularly 
in hill and high country regions in last 20 years in New Zealand. Recent research has occurred mainly 
from Lincoln University, Canterbury (Moot, 2013) and focussed on lucerne (Medicago sativa L.) and 
annual clovers, on soils of moderate fertility. 
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1.2 Challenges 
In contrast to previous research, (Moot, 2013), this research focuses on legumes for the low fertility 
regions of the New Zealand high country. Specifically, for about 500,000 ha of farmed high country, 
with common edaphic characteristics of low soil pH, possibly high aluminium, low available 
phosphorus and sulphur, and where nitrogen deficiency limits establishment and maintenance of 
legumes (Haynes and Williams, 1993; Moir and Moot, 2010; Moir et al., 2000). Lees Valley, in North 
Canterbury is an example of such a region in which farmers are trying to intensify and increase dry 
matter per hectare of forage crops including lucerne and different clovers, so they can feed more 
animals to increase animal production. This research was initiated to solve problems related to legume 
establishment in the Lees Valley as part of a wider Sustainable Farming Fund program. However, the 
sale of Mt. Pember station meant the research site had to be shifted to other locations that had similar 
problems. For this reason, the research location changed from Mt. Pember station to Lincoln and then 
to Glenmore Station in the Mackenzie Basin. In each location, there was a strong relationship between 
soil pH and aluminium levels as detailed for the Lees Valley site (Moir and Moot 2010, 2014). Sufficient 
amounts of lime need to be added to increase the soil pH to at least 5.8 to enable aluminium sensitive 
species, such as lucerne, to be grown (Edmeades et al., 1983). However, often the terrain means it 
must be flown on and is thus not economic to supply in the quantities required to enable most legumes 
to grow. Moreover, hot dry summers and lack of soil moisture, restrict pasture responses, and increase 
the time required for liming and fertiliser inputs to be observed. Further studies need to quantify 
effective and economic rates of lime application to improve legume yields in the acidic high country 
soils of New Zealand.  
The source of nitrogen, which drives the whole pasture systems, in these regions, should be provided 
from biological nitrogen fixation of legumes, rather than inorganic N- fertilisers. Rhizobial symbiosis 
induces root nodules on legume plants and provides these plants with fixed nitrogen, enabling them 
to grow in nitrogen limited soils. Successful symbioses between the bacteria and the legumes are not 
sustained unless the effects of environmental stresses are moderated. The majority of arable lands of 
the globe experience one or more environmental stresses. Therefore stress-tolerant and effective N2-
fixing legumes–rhizobia symbioses will be the only productive system on these lands. Only a few 
studies have been conducted on rhizobia strains from these environments in New Zealand using 
molecular techniques.  
1.3 Hypotheses and research objectives 
Based on the challenges mentioned in section 1.2, it was hypothesised that lime application, 
phosphorus fertiliser, and legume species inoculation with rhizobia would address current constraints 
in establishment and persistence of the selected legume species in these environments. 
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This PhD research was firstly based on a mid-term field experiment at the Lees Valley. By evaluating 
the production and persistence of different legume species, including lucerne and Caucasian clover 
(Trifolium ambiguum M. Bieb.) over six years, the aim was to investigate the main constraints and 
limiting factors to production. Results from this study were then explored in a series of pot and field 
experiments aimed at enhancing legume establishment and growth in high country regions in the 
South Island of New Zealand.  
This thesis is structured in eight chapters (Figure 1.1). Chapter 2 reviews the literature on the 
production of perennial legume species in high country regions of New Zealand and focuses on 
environmental constraints. Research is divided into five experimental chapters, each with specific 
objectives. 
The objective of Chapter 3 is to evaluate the production and persistence of different legume species 
in a high country environment. To achieve this, the dry matter yield of four perennial legume species 
was quantified and compared over six years at the Lees Valley high country experimental site (Mt. 
Pember station).  
Chapter 4 investigates the main constraint factors responsible for low production and persistence of 
lucerne compared with Caucasian clover in this environment. To do this, a series of pot experiments 
were conducted to grow lucerne and Caucasian clover in the soil of the Lees Valley. The effective rates 
of lime and phosphorus application on plant survival, shoot and root growth, and nodulation were 
quantified in this high Al soil. From these, the toxic thresholds of soil exchangeable Al for lucerne and 
Caucasian clover were quantified. In addition, plant growth parameters in response to rhizobia 
inoculant were evaluated. 
The objective of Chapter 5 is to evaluate production and persistence of lucerne and Caucasian clover 
compared with other legume species; Russell lupin (Lupinus polyphyllus L.), lotus (Lotus pedunculatus 
Cav.), white clover, and balansa clover (Trifolium michelianum Savi.) that may have a potential to thrive 
in the acidic high aluminium soil at Glenmore Station. To do this, two field experiments were 
conducted. In addition, different lime rates were applied in these two field experiments to test the 
results from pot experiments (Chapter 4) in field conditions. The soil pH and exchangeable Al levels 
were comparable to those of the Lees Valley. 
Chapter 6 evaluates the dryland production of lucerne, Caucasian clover, and Russell lupin at Ashley 
Dene on the Canterbury plains, and contrasts results with those from high country experiments 
(Chapters 3 and 5). To do this, dry matter yield and nodulation of the sown species was quantified in 
response to lime rates and inoculation, in a two year field experiment. The experimental site at Ashley 
Dene provided a low pH soil, similar to high country experimental sites (The Lees Valley and Glenmore 
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Station), with marginal Al toxicity that is potentially the sort of site that low inputs of lime and 
successful nitrogen fixation may be able to remediate in an extensive commercial situation. The 
nitrogen fixation of inoculated lucerne was quantified by 15N natural abundance method to evaluate 
reliance of lucerne plants to nitrogen fixation in this environment.   
The objective of Chapter 7 is to evaluate the fate of the applied inoculant rhizobia strains in lucerne 
and Caucasian clover nodules sampled from the field and pot experiments, and identify any naturalized 
rhizobia that may be capable of nodulating lucerne and Caucasian clover in those regions. To do this, 
the genetic diversity of bacterial isolates from collected nodules were investigated. The nodule 
occupancy was studied to understand the competition between commercial strains and other bacteria, 
including naturalised strains of rhizobia that can reside in lucerne and Caucasian clover nodules. This 
chapter finally investigates the effect of soil pH and Al levels on the nodule occupancy of commercial 
strains and other bacterial genotypes isolated from lucerne and Caucasian clover nodules. 
The final chapter in this thesis (Chapter 8), integrates all obtained results from this PhD project to 
propose main constraints for legume production and persistence in dryland high country regions, 
potential improvement strategies, and aspects for future studies.  
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 Figure 1.1 Flow diagram of thesis structure. 
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Chapter 2 
Literature review 
2.1 The high country of South Island in New Zealand 
The term ‘high country’, refers to approximately 25% of the country’s land mass. “The South Island’s 
high country is something of an enigma for many New Zealanders” (Beer et al., 2006). The high country 
comprises about six million hectares from the South Island’s spine east to the coastal plains, 
approaching almost to the coast in Marlborough, South Canterbury and Otago (Wright, 2009). This 
vast area is occupied by only 0.2% of the population (Beer et al., 2006). Most of this high country has 
been leased to merino sheep farmers for several decades. Currently, about 40% of high country is used 
for pastoral farming (Wright, 2009). High country rangeland and developed pastures in the South Island 
of New Zealand cover approximately 3.4 million hectares (Scott et al., 1995).  
2.2 Constraints for the production and persistance of perennial legumes in 
high country regions of South Island 
The high country climate is harsh and unpredictable with long winters and dry summers that results in 
a short growing season and frequent frost. These climatic properties plus edaphic characteristics, limit 
dryland farming in these regions. The intensification of these regions requires increased legume 
content to improve pasture quality. Different legumes have been used for high country pasture 
improvement. But the success was limited due to difficulties in establishment (Power et al., 2006). In 
this area the growth and persistence of conventional forage legumes such as white clover (Trifolium 
repens L.) and lucerne (Medicago sativa L.) are often limited by soil and climatic conditions (Scott et 
al., 1995). 
2.2.1 Drought 
Dryland pastoral environments in New Zealand are usually subjected to periods of summer/autumn 
moisture stress. This reduces production, persistence and recovery of traditional perennial 
ryegrass/white clover pastures. In these environments inclusion of lucerne and more drought tolerant 
grass and legume combinations enhances pasture production (Mills et al., 2008). The typical forage 
legumes grown in New Zealand have relatively soft mesomorphic leaves, which lose water readily 
through both upper and lower surfaces, and non-woody stems. They are not well adapted 
morphologically to survive extreme drought conditions and do so either by avoiding drought 
altogether (in the case of annual plants such as subterranean clover) or, in perennial forms, by resisting 
it, largely by the development of deep water-seeking tap roots (Thomas, 2003). Spring and summer 
moisture stress not only places the plant under direct stress, but also decreases the rate of taproot 
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carbohydrate replenishment by slowing regrowth (Thomas, 2003). Under seasonally dry conditions, 
persistence requires the development of deeply penetrating long-lived tap roots that are able to reach 
whatever deep-seated soil moisture is available. Lucerne is well adapted in this respect, as is Caucasian 
clover. Lucerne is an extremely adaptable plant that can be grown under a wide range of climate 
conditions from the equator to almost arctic polar circle regions (Michaud et al., 1988). This capacity 
for growth under diverse climates indicates its ability to develop different mechanisms of resistance 
to a large range of constraint, and especially to drought (Michaud et al., 1988). Lucerne is the most 
common pasture alternative used as a specialist dryland forage for either grazing or feed conservation 
(Wynn-Williams, 1982). In New Zealand, lucerne has been promoted as a suitable forage species for 
dryland systems for over 100 years (Moot, 2013).  
2.2.2 Nutrient deficiency 
N and P are key nutrients that limit sustainable agricultural production across much of the globe 
(Tilman et al., 2002). Although soils generally contain a large amount of total P only a small proportion 
is immediately available for plant uptake. Plants obtain P as orthophosphate anions (predominantly as 
HPO42− and H2PO41−) from the soil solution. Efficient capture of nutrients from soil by roots is a critical 
issue for plants given that in many environments nutrients have poor availability and may be deficient 
for optimal growth. Whilst nutrient supply in soil is often augmented by the application of fertilisers, 
the availability of nutrients is governed by a wide range of physico-chemical parameters, 
environmental and seasonal factors and biological interactions (Richardson et al., 2009). In New 
Zealand the P fertiliser recommendations depend on soil, climate, animal, management and agronomic 
factors (Cornforth and Sinclair, 1982; Crush and Hunt, 1992). Phosphorus application is usually needed 
on the high altitude Brown soils (Ludecke and Leamy, 1972). In addition, the ability of different species 
to scavenge P depends on their root structure. McDowell et al. (2011), studied the phosphorus uptake 
of 16 different legume and grass species. They reported significant differences in total P concentrations 
between species. Lucerne had the highest total P amongst other legumes like red and white clover. 
Generally legume species with larger root mass, deep tap root, with higher proportion of fine roots 
have an advantage to uptake P from soil (McDowell et al., 2011). High country soils of New Zealand 
may be S deficient. Fertiliser S is required if soil sulphate sulphur levels are 3 mg/kg or less (Smith et 
al., 2004).  
The source of nitrogen, which drives the whole pasture system, in these regions, should be provided 
from biological nitrogen fixation of legumes, rather than inorganic N-fertilisers. Rhizobial symbiosis 
induces root nodules on legume plants and provides these plants with fixed nitrogen, enabling them 
to grow in nitrogen limited soils. Successful symbioses between the bacteria and the legumes are not 
sustained unless the effects of environmental stresses are moderated. 
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Symbiotic nitrogen fixation is an energy-demanding process; thus, legumes obtain less of their N-
requirement from the atmosphere if an adequate supply is available from the soil. Factors that 
enhance the soil mineral-N supply (e.g. mulching) will therefore reduce the quantity of fixed N2 (Wood 
and Cooper, 1985). Small supplements of combined N, such as NO3-, NH4+, and urea, added at sowing 
may benefit symbiosis by increasing seedling growth rate and the number, size, and efficiency of the 
resulting nodules. Excessive amounts of combined N depress nodulation by reducing the number of 
infective sites and/or the number of successful infections on the primary roots and by inhibiting nodule 
growth and functionality (Zahran, 1999). The nodulation and high rates of N2-fixation require 
substantial amounts of P (Giller, 2001). Lekberg and Koide (2005), showed that nodule formation was 
strongly associated with available soil P in a wide range of soils. The other experiment showed that 
both external P and Ca concentrations significantly increased the number of cells of both strains of 
Sinorhizobium meliloti (acid soil-tolerant strain and also acid soil-sensitive strain) attached to roots of 
seedlings of Medicago polymorpha L. and M. murex Willd. (Shockley et al., 2004). 
2.2.3 Soil acidity and aluminium toxicity 
Soil acidity is one of the most important restrictions in crop production in many regions of the world. 
The estimation of this constraint is up to 40% of the world’s arable land (Haug, 1983) . Acid soils mainly 
occur in two global belts (Figure 2.1): the northern belt, with cold, humid temperate climate, and the 
southern tropical belt, with warmer, humid conditions (Von Uexküll and Mutert, 1995). Acid soils by 
definition are soils with a pH below 7.0 on a scale of 0 to 14 which is measured in terms of H+ and Al3+ 
ions in the soil solution. However, acid soil toxicity is not caused by a single factor but a complex of 
factors including toxicities of Al3+ and H+ and deficiencies of many macro- and micro-nutrients.  
All pH values reported in this thesis are based on water (pHH2O) unless mentioned as pHCa. 
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Figure 2.1 Northern and southern belts of acid soils, from Von Uexküll and Mutert (1995) 
The strong relationship between Al and soil pH has been reported in several studies (Edmeades et al., 
1983; Moir and Moot, 2010). Generally, at pH values below 5, aluminium is present as Al(H2O)63+ which 
is usually written as Al3+. This available Al plays an important role in increasing the soil acidity, by 
releasing H+ from water (Al3++ 3H2O → Al(OH)3 + 3H+), and the magnitude of the pH decrease depends 
on the Al concentrations in the solution (Gardiner and Miller, 2008; Sparks, 2003). 
Symptoms of aluminium toxicity usually first appear in the roots to become structurally and 
functionally damaged, and results in inefficient water and nutrient absorption (Foy et al., 1978; 
Andersson, 1988). Plant species differ widely in tolerance to excess Al (Foy, 1988; Rout et al., 2001). 
Root nodule bacteria can be more sensitive to low pH than their legume host, directly affecting the 
establishment of the symbiosis (Brockwell et al., 1995a), and so the selection of Rhizobium strains 
tolerant to low pH may improve the acid tolerance of the legume. The poor performance of lucerne 
plants in moderately acid soils is mainly due to the effects of low pH on the establishment of the 
symbiosis between this legume and the nitrogen-fixing bacteria Sinorhizobium meliloti (Charman et al., 
2008; Khan et al., 2010). Low pH causes a reduction in the rate of nodulation as well as in the number 
of nodules elicited by the bacteria. Three stages of the Rhizobium-legume symbiosis have been 
reported to be affected by Ca and pH which possibly accounts for the dependence of lucerne 
nodulation for these factors: (i) growth of the bacteria, (ii) rhizobial attachment to roots, and (iii) the 
induction of nod gene expression. S. meliloti strains are extremely sensitive to acidic pH, and will grow 
9 
only above pH 5.5 (Graham and Vance, 2000). It has been suggested that neutral pH is required for 
stable binding, whereas Ca could act as a bridge between negatively charged groups on plant and 
bacterial surfaces, and/or indirectly activate suitable adhesions in the bacterium (Soto et al., 2004). In 
such cases, liming could be effective in increasing the inoculum potential of the soil. Because N2 fixation 
acidifies the soil, liming could also help maintain soil pH if the soil has a low buffering capacity (Jarvis 
and Hatch, 1985). Mullen et al., (2006), suggested that the benefit of liming on lucerne is driven by 
improved nodulation with some elimination of Al toxicity and possibly Ca response in this sensitive 
species (Mullen et al., 2006). 
Soto et al. (2004), described the effects of pH and Ca on various aspects of lucerne nodulation with S. 
meliloti and the acid-tolerant Rhizobium sp. strain LPU83, and suggested that attachment of S. meliloti 
cells to lucerne roots is the main factor limiting S. meliloti-lucerne symbiosis at low pH (Lascano et al., 
2001). Therefore, and as little growth is required to allow nodulation, any approach addressed to 
improve the symbiotic performance of S. meliloti in acid soils should be focused on solving the 
limitations in attachment of the rhizobial cells to lucerne roots at low pH. The low productivity shown 
by lucerne plants in moderately acid soils appears to be the result of two factors: impairment in the 
establishment of symbiotic associations with S. meliloti strains and competitiveness problem related 
to the presence in these soils of acid-tolerant, lucerne-nodulating bacteria with poor nitrogen- fixing 
ability. These bacteria are able to efficiently compete with S. meliloti strains for the formation of 
nodules at low pH, contributing to the reduction in crop yield (Lascano et al., 2001).   
According to Graham (1992), S. meliloti occurrence is reduced below pH 6 in the absence of calcium 
(Ca). Nodulation and subsequent N2 fixation are affected by the presence of applied mineral N. The 
degree of inhibition is related to the soil mineral N concentration, high root temperatures (30oC), low 
cold hardening temperatures (5-10oC) and factors adversely affecting photosynthesis such as moisture 
stress, low irradiance and low CO2 (MacDowell, 1983). Nitrogen fixation in legume root nodules is also 
greatly influenced by their water status (Arrese-Igor et al., 1999). 
2.3 Legume species for high country regions 
A wide ranging review of forage species suitability in the New Zealand high country was given in Scott 
et al., (1995). However, most of the reported data are qualitative.  
2.3.1 Lucerne 
Lucerne is the most widely used of all forage legumes (Frame 2005) which is grown on over 33 M ha 
worldwide and has been cultivated for forage since recorded history began. It is a deep-rooted, 
perennial legume capable of producing high yields of high-quality forage. Its excellent nutritional value 
makes this crop ideal for hay and silage, capable of producing 28 t DM/ha/y under irrigated conditions 
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on rich soils in Canterbury and annual yields more than 20 t DM/ha are common when water is non-
limiting (Brown and Moot, 2004). However, its production can decline to 3 t DM/ha/y under summer 
drought conditions in Central Otago. This plant improves the yield and quality of following crops by 
fixing nitrogen from the air (Svenning et al., 2001), reduces diseases and weeds, increases soil organic 
matter content and improves water infiltration (Thies et al., 1992). Lucerne was successfully 
introduced and demonstrated at Bog Roy Station (Anderson et al. 2014). The animal performance 
figures have shown the benefits of higher lambing percentages and survival and greater herbage 
growth off the flat land, which has improved the adjacent hill country production (Moot and Pollock, 
2014). As a consequence, the expansion of lucerne planting is ongoing (Stevens et al. 2012) as farmers 
recognise the benefits of direct feeding in addition to its traditional role as a conserved feed for 
managing their 90–120 day winter (Moot and Pollock, 2014). However, lucerne is unsuitable for many 
regions of the high country where low pH and high (> 3.0 mg/kg) available aluminium in soils severely 
restrict its root growth and nodulation.  
2.3.2 Caucasian clover 
Caucasian clover is a strongly rhizomatous (Daly and Mason, 1987), low-crowned perennial legume 
from subalpine habitats and continental steppes of Caucasian Russia, Turkey and Iran. It has a deep, 
semi-woody, often-branching taproot from which many branched rhizomes grow. Because the 
rhizomes and growing points are below ground level the plant has the ability to "creep" through 
pasture, even under very hard grazing conditions (Allan and Keoghan 1994). In their study Caucasian 
clover ranked first amongst 56 germplasm lines for persistence and spread. Compared with traditional 
herbage legumes such as white and red clovers, the Caucasian clover root system is complicated. It 
consists of several fractions, as the primary crowns, primary taproots, rhizomes, secondary crowns, 
secondary taproots, fibrous roots, rhizome shoots, and rhizome initials. This complex root system is 
associated with a large underground mass that can average 6.6 t DM/ha from a 5-year-old stand. The 
root system of Caucasian clover allows the plant to persist under unfavourable conditions, such as low 
fertility, low winter temperature, seasonal moisture deficit, and heavy seasonal grazing (Fu et al., 
2001). One of the most important characteristics of this clover is its persistence, because of its root 
structure. The extensive root and rhizome system also acts as an important store for nutrients that can 
be remobilised and utilised for growth. Caucasian clover establishes successfully on low nitrogen sites, 
where grasses are less competitive.  
In New Zealand, Caucasian clover also has shown greater tolerance than white clover to elevated soil 
Al levels in tussock grassland sites (Caradus et al., 2001), is well adapted in hill and high country 
environments (Woodman et al., 1992), more tolerant of summer moisture stress than white clover 
when in association with perennial grass species (Black and Lucas, 2000), shows great promise as a 
 11 
very persistent, competitive legume for the South Island hill and high country, and recovers quickly 
after drought (Dear and Zorin, 1985; Woodman et al., 1992). It has also found to be resistant in the 
cold winter and dry summers in high altitude regions of Australia (Dear and Zorin, 1985). Field trials by 
Lincoln University have shown that, pure irrigated three-year-old stands of Caucasian clover produced 
12 t DM/ha compared with 9.5 t for white clover, while, in dryland conditions, Caucasian clover 
produced 9.4 t/ha compared with 7.0 t/ha for white clover (Black et al., 2002).  
Scott (1998), evaluated the performance of Caucasian clover over 16 years in a high country 
environment (Mt. John trial, Lake Tekapo) under a range of fertiliser inputs and grazing managements 
in combination with 25 other pasture legumes and grasses. His results indicated slow establishment of 
Caucasian clover, but reportedly it increased to become the dominant and the most persistent species 
after a decade of his field experiment.  
Caucasian clover clearly has potential in both northern and southern regions of New Zealand (Watson 
et al., 1997). Watson et al. (1997) compared yield and pasture legume content of Caucasian clover and 
white clover plots sown with ryegrass. White clover content was ca. 24% during summer-autumn 
compared to 54% for Caucasian clover, in a ryegrass mixture. Their results showed Caucasian clover 
provided high quality forage at a time of year when white clover growth was insufficient. This was 
mainly due to hot and dry summer conditions which severely reduce white clover growing point 
density. 
Caradus et al. (2001), monitored growth of 15 legumes for three years on different Otago upland soils 
with 11, 45, or 70 µg/g extractable soil aluminium. Spread of Caucasian clover by rhizomes was 
observed at the high Al site, while lotus species could not spread from the planted row and some white 
clovers showed limited spread. They reported optimising performance of lotus and Caucasian clover 
on these soils will be a more productive strategy than breeding for Al-tolerant in white clover.  
2.3.3 Russell lupin 
Russell lupin is a potential replacement for clovers at hill country sites where liming and fertiliser cost 
is not economic for traditional perennial pasture species (e.g. lucerne) (Scott and Covacevich, 1987; 
Scott, 1989a; Wangdi et al., 1990). In P deficient soils, Russell lupin has been reported to yield more 
(Davis, 1981b), and has greater tolerance of acidity and exchangeable aluminium, than most other 
legumes (Nordmeyer and Davis, 1977; Davis, 1981a; Scott, 1989b; Scott et al., 1995; White, 1995). 
Recent studies by Ryan-Salter et al., (2014) and Black et al., (2015a) discovered several Bradyrhizobium 
isolates capable of effectively nodulating Lupinus polyphyllus plants at 10 field sites across the South 
Island of NZ. Recent field experiments conducted (in parallel during this PhD project) by the Lincoln 
University Dryland Pasture Research Group at Glenmore station reported high potential of perennial 
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lupin where lucerne fails to thrive in low pH and high Al soils (Moot and Pollock, 2014; Black et al., 
2015b). 
One of the main limitations for farmers is there is little commercially available perennial lupin seeds in 
NZ. The high seed price, hard seed coat and low germination rate might be disadvantages of Russell 
lupin use for extensive high country farming on a large scale.  
2.3.4 Red clover 
Early trials with red clover showed potential for its use in forage systems in Southland of New Zealand 
(Harris et al., 1973). Further investigations by Hay and Ryan (1989) defined an important role for red 
clover in boosting the quality and quantity of summer forage. Red clover has been shown to be more 
summer active, and its deeper rooted crown offers improved water extraction capacity in moisture 
limited conditions (Brown et al., 2005; Ford and Barrett, 2011).  
2.4 Biological nitrogen fixation (BNF) and Importance in agro-ecosystems 
Bacteria belonging to the genera Allorhizobium, Azorhizobium, Bradyrhizobium, Mesorhizobium, 
Rhizobium and Sinorhizobium are generally called rhizobia. They are best known for their ability to 
establish symbiotic relationships with leguminous plants of agricultural and environmental 
importance, a process that results in biological nitrogen fixation (BNF). The rhizobia have, during the 
last decades, received much attention, and the number of bacterial species able to form nitrogen-fixing 
symbioses with legumes has increased almost exponentially. Rhizobia develop symbiotic relationships 
with host legumes and through atmospheric N2 fixation within nodules can provide up to 90% of the N 
requirements of the plant (Franche et al., 2009; Höflich et al., 1994). Symbiotic nitrogen fixation in 
legume nodules is extremely sensitive to environmental stresses, which seriously limits legume yields. 
Elevated temperature has been reported to inhibit lucerne nodule activity, whereas the inhibitory 
effect resulting from drought affected nodule dry mass production (Aranjuelo et al., 2007). 
Nitrogen fixation and photosynthesis as the energy supplier, is the basis of all life on Earth (Werner 
and Newton, 2005). Nitrogen fixation provides the basic component, fixed nitrogen as ammonia, of 
two major groups of macromolecules, namely nucleic acids and proteins. Symbiotic nitrogen fixation 
with rhizobia is the most important route for sustainable nitrogen input into agro-ecosystems. Total 
global N2 fixation from BNF has been estimated at 100–290 million tonnes/year, with approximately 
50–70 million tonnes/year in agricultural systems, compared with 83 million tonnes of N fixed 
industrially in fertiliser production (Khan et al., 2010). The most recent estimates of annual nitrogen 
fixation inputs by crop legumes were 21.45 Tg, with inputs of pasture and fodder legumes adding 12-
25 Tg. Nitrogen-fixing leguminous plants (Sanchez-Diaz et al., 1990) by establishing rhizobial 
symbioses, can increase soil fertility and quality by enhancing soil N content and organic matter. The 
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annual nitrogen fixation rates of lucerne range broadly from 85 to 360 kg N/ha (Richardson et al., 1995) 
and are dependent on the crop yield. The resulting N benefit to succeeding crops is variable, depending 
on the performance of the lucerne crop. 
Sinorhizobium meliloti is responsible for nitrogen fixation in lucerne (Frame, 2005). The name Ensifer 
was published in 1982 and the name Sinorhizobium was published in 1988. By the rules of the 
Bacteriological Code (1990 Revision) of the International Committee on Systematics of Prokaryotes 
(ICSP), the older name (Ensifer) has priority. However, both terms continue to be used in published 
scientific literature, with Sinorhizobium being the more common. Therefore, Sinorhizobium was used 
in this PhD thesis. 
2.5 Strategies to improve legume production in acidic soils of high country 
regions 
2.5.1 Liming to overcome soil acidity and Al toxicity 
Liming is one of the solutions for improving plant growth by enhancing soil physical, chemical, and 
biological properties and consequently it improves crop yield and nitrogen use efficiency. Sufficient 
quantities of lime are needed to increase the soil pH to at least 5.8, for aluminium sensitive species 
such as lucerne (Edmeades et al., 1983). However, the beneficial effect of liming depends highly on the 
sub-soil pH and related Al content. Soil acidity indices like pH, base saturation, and aluminum 
saturation are used as the basis for liming acid soils. Furthermore, economic considerations are also 
important criteria in determining the quantity of lime applied to acid soils (Li et al., 1997).  
Overcoming soil acidity and Al toxicity with lime and fertiliser is possible by surface application (Grewal, 
2010; Kearney et al., 2010). However, this can be uneconomic or difficult where aluminium is present 
throughout the soil profile (Moir and Moot, 2014) as amelioration of the surface layer will not allow 
the plant roots to penetrate the acid layer and reach critical water and nutrient supplies below it. 
Therefore, screening for more Al tolerant species plus lime application is usually the most effective 
strategy to improve legume production on acid soils.  
Mullen et al. (2006), evaluated the effect of soil acidity and liming on lucerne and following crops in 
central-western New South Wales. Dry matter production of lucerne was increased by lime applied at 
rates up to 2 t/ha. They reported that the application of lime increased soil pHCa from 4.3 to 5.8 and, 
at 2 t/ha or higher, decreased exchangeable Al in the surface layer from 14.4% ECEC to < 0.5% ECEC 
about 2 years after liming. In their field experiment the effects of lime persisted up to 7 years post lime 
application and the soil pH of the limed treatments were maintained with no clear decline in the effect 
of the lime. Their results support the application of lime to improve the productivity of lucerne and 
subsequent crops, even when the soil is acidic to depths below the cultivation layer. In contrast, Moir 
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and Moot (2010), conducted a two year field experiment in Lees Valley to evaluate lucerne yield 
responses to two forms of lime. Soil exchangeable aluminium plummeted to low levels but lucerne 
yields were not influenced by lime rates or soil aluminium. They reported 1.2 t/ha of lucerne DM yield 
when 4 t lime/ha was surface applied at the Lees Valley site. This result highlights the difficulty of 
lucerne persistence in the Lees Valley experimental site. They also reported unclear effects of lime 
form on soil exchangeable aluminium.  
Moir and Moot (2014) determined the effects of historic liming on soil pH at three high country 
locations, and in turn, on exchangeable Al, in two surface soil horizons Their results highlighted the 
problem of higher soil-exchangeable plant-available aluminium levels in Brown soils, which are 
common to South Island high country. They reported strong relationships between soil pH and 
exchangeable plant-available Al for these soils. Liming had a strong medium-term effect on soil pH at 
all three sites, especially in the 0-7.5 cm soil horizon. Soil pH increased an average of 0.16 units/t lime 
applied. However, Al levels of 3.0 mg/kg or above are likely to decrease the dry matter production of 
several plant species (Wheeler et al., 1992). 
2.5.2 Inoculation with efficient rhizobia  
Several previous studies have shown that inoculation of legumes with Rhizobium has the potential to 
increase production by fixing biological N2 (Cheng et al., 2004). However, all strains of Sinorhizobium 
meliloti do not, stimulate plant growth to a similar extent in a given lucerne cultivar. A strain inducing 
superior performance in one cultivar may produce a suboptimal response in another which indicates 
that they must be matched carefully for optimum N2 fixation (Hartel and Bouton, 1989). The approach 
to inoculant development traditionally consisted of isolation, testing and selection of single strains 
with desired properties, such as high nitrogen fixation efficiency in symbiosis with selected host plants. 
In cases where indigenous rhizobia capable of nodulating the host were already present in soil but not 
efficient, the capacity of the inoculant to outcompete those strains became important. The selection 
of strains is still hampered by the fact that, even though the genes encoding nodulation and nitrogen 
fixation in rhizobia are well-known (Correa and Barneix, 1997), the genetic basis for symbiotic 
effectiveness, competitiveness and tolerance to environmental stress factors is largely unknown. 
Indigenous rhizobia are those found naturally in the soil of a given locality and great diversity occurs 
in most soils especially where compatible legumes are grown and the soil is fertile (Zengeni et al., 
2006). Rhizobia are diverse at species and strain levels. One soil may contain various species and 
various strains within a species (Duodu et al., 2009), while similar isolates may be found in distant 
places (Brockwell et al., 1995a). A challenge for agriculture is to match rhizobia and legume crops for 
optimal performance either by having plant genotypes adapted to local rhizobial populations or by 
inoculation with effective strains adapted to prevailing environmental conditions and with competitive 
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ability against local, less effective strains. Although indigenous rhizobia may pose challenges of 
competition to inoculated strains, they are an important resource that must be preserved by 
integrated soil fertility approaches. Continual isolation and characterization to identify new isolates 
offers the opportunity of improving BNF with minor limits geographically to the areas of use. It is 
important to continually isolate higher nitrogen-fixing isolates to be used as inoculant strains from the 
wide diversity of indigenous rhizobia. There have also been reports of inoculant strains losing their 
symbiotic properties (Versalovic et al., 1991b). A wide diversity of isolates ensures a sustainable source 
of replacement strains and may be developed into strains for commercial use (De Bruijn, 1992). 
Previous studies have tried to take advantage of BNF symbiosis by inoculating legumes with more 
effective nitrogen fixing strains to improve crop growth without addition of chemical nitrogen 
fertilisers (Duodu et al., 2009).  
2.6 Conclusion  
Despite strong literature of monitoring different legume species in high country regions of New 
Zealand, there is a lack of quantitative studies to understand reasons for different responses of species 
in each and between different high country sites.  
There is a lack of thorough studies on root growth parameters, nodulation and occupancy of rhizobia 
strains in high country regions of New Zealand. Specifically the different responses in these parameters 
amongst lucerne, Russell lupin and Caucasian clover to low pH and high Al sites will be studied in this 
PhD project.   
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Chapter 3 
Production and persistence of four legume species at the Lees 
Valley over six years  
3.1 Introduction 
The soils of high country regions are characterized by nitrogen and phosphorus deficiency. In addition, 
soil acidity coupled with high aluminium (Al) levels limit pasture production and persistence on about 
500 000 ha (Haynes and Williams, 1993; Moir and Moot, 2010; Moir and Moot, 2014). The 
intensification of these regions has meant high cost of fertilisers (Sheath, 2011) and lime application 
(Edmeades et al., 1983). In this region, legumes are used to fix nitrogen rather than inorganic N 
fertiliser. Therefore, once the P deficiency and low soil pH are addressed by fertiliser and lime 
applications, appropriate legume species are targeted to overcome the nitrogen deficiency. 
Persistence of the sown forage is a primary driver of farm profitability (Brazendale et al., 2011), 
particularly in these low yielding environments. Thus, introducing legumes that can persist in New 
Zealand high country regions is important economically and environmentally. The traditional New 
Zealand lowland pasture mixture of perennial ryegrass (Lolium perenne L.) and white clover is 
unreliable in these areas and has low persistence (Charlton, 1984; Chapman et al., 1986; Daly et al., 
1996; Knowles et al., 2003; Milne, 2011; Mills et al., 2014). The Lees Valley, in North Canterbury, 
contains one of the largest farms (27,000 ha) in New Zealand. The Lees Valley represents a region of 
the high country in which farmers are trying to intensify and increase pasture production per hectare. 
In most cases, field experiments comparing species have been over a short (2-3 year) period and lack 
the ability to examine longer term effects of soil properties on species persistence. In this chapter, four 
perennial legume species (lucerne, Caucasian clover, white clover and red clover) were introduced to 
the Lees Valley, to monitor their response to the recommended lime and capital P inputs in a six year 
field experiment.  
The experiment was established in 2006 in Block 2 of the Lees Valley high country experimental site. 
For this chapter, data were collected by Lincoln University technicians, from the start of experiment 
until August 2010 (see Disclaimer Section), and then by the author of this thesis from August 2010 to 
July 2012. The Lees Valley property was sold in 2013 and research at the site ceased. Results from this 
study are therefore the basis for a series of pot and field experiments aimed at enhancing legume 
establishment and growth in high country regions in the South Island of New Zealand. 
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3.2.3 Measurements 
3.2.3.1  Meteorological data collection 
Precipitation and soil moisture content at the site 
A telemetered rain gauge (W Pro station) was installed in November 2006 at ca. 1 km south of the site. 
ECAN also installed a rain gauge 4 km north of trial site. A Hobo weather station rain gauge (Onset 
Computer Corporation) was installed on site, and was checked for accuracy before installation and at 
removal from the site (Nov 2010-Jun 2012). The accumulated rainfall data were also obtained from 
the Virtual Climate Station (VCS) of NIWA (http://cliflo.niwa.co.nz/). The normalized average of ECAN, 
W Pro, and VCS data was highly correlated with the Hobo data. These correlations were then used to 
complete any missing data in the ECAN and W Pro data (Figure 3.5). The VCS data from NIWA was a 
complete set across all data and was used along with the measured data from W Pro and ECAN to 
obtain the closest estimate of daily rainfall for the experimental site (Figure 3.5). This estimation was 
then used to present the monthly rainfall (Figure 3.6), and to calculate the potential rain deficit/surplus 
at the experimental site (Table 3.2). The mean estimated annual rainfall was 811 mm during the 
experiment period, which mainly fell in winter and early spring. The Penman potential 
evapotranspiration (PET, Penman, 1948), for the experimental site was obtained from ‘The National 
Climate Database’ (http://cliflo.niwa.co.nz/) for the experiment period (2006-2012). Maximum 
evapotranspiration occurred in October, November and December of each growth season. The 
potential evapotranspiration (PET) exceeded rainfall, during summer (Nov-Jan), indicating the 
moisture stress period at the Lees Valley. 
Figure 3.5 Annual accumulated rainfall (mm) for the Lees Valley over six years (2006-2012). Data 
were obtained from three rain gauges (W Pro station, ECAN, and Hobo) and Virtual 
Climate Station (VCS) of NIWA (http://cliflo.niwa.co.nz/). 
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The annual mean air temperature was 9.7 °C, ranging from 15.7 °C in January to 3.3 °C in July (Table 
3.3). The annual mean soil temperature was 10.2 °C, ranging from 3.4 °C in July to 16.9 °C in January. 
Table 3.3 Monthly means for air and soil temperatures (10 cm below surface) from 2006 to 2012 
at the Lees Valley station, North Canterbury, New Zealand. Data were obtained from 
The National Climate Database (http://cliflo.niwa.co.nz/).  
Month Air Tem. (°C) Soil Tem. (°C) 
July 3.3 3.4 
August 5.4 4.9 
September 8.2 7.4 
October 9.2 9.1 
November 12.5 12.4 
December 14.6 15.1 
January 15.7 16.9 
February 14.9 16.2 
March 13.0 14.0 
April 9.9 11.0 
May 6.1 7.7 
June 3.6 4.9 
Annual 9.7 10.2 
3.2.3.2  Soil sampling and analysis 
Soil samples were taken using 75 mm soil corers from each plot (20 samples per plot) annually. The 
samples were then bulked and the subsample sent to Hill Laboratories (Christchurch, NZ) for analysis. 
The surface applied lime (5 t/ha) increased the pH of the top-soil (0-75 mm) from 5.3 in 2005 to 6.0 in 
2007 (Table 2). The top-soil pH remained 5.7-6.0 over the six years of the experiment. The Olsen P of 
top-soil (0-75 mm) was increased from 9 mg/L prior to the start of field preparation to 17 mg/L by P 
fertiliser application.  
Table 3.4  Annual 75 mm soil test results for the Lees Valley experimental site, North Canterbury. 
Date Olsen P 
(mg/L) 
Ca (QTU) K (QTU) Anaerobic 
Min. N 
(mg/kg) 
Na (QTU)  Mg (QTU) pH 
15/03/2005 9 2 8 - 2 10   5.3* 
8/08/2007 17 7 11 - 2 10 6.0 
19/05/2008 19 7 16 - 2 12 5.9 
2/09/2009 20 6 11 137 2 10 6.0 
11/08/2010 18 7 12 - ˂2 12 5.7 
31/08/2011 19 8 10 169 3 11 5.9 
01/08/2012 19 7 15 226 6 10 5.8 
Optimum 20-30 4-10 5-8 100-150 1-10 8-10 5.8-6.0 
*The top-soil pH (0-75 mm) prior to the surface lime application (5 t/ha) in 2005.
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 Figure 3.10 Depth of the top-soil measured in a selected area (3600 m2) in the Lees Valley 
experimental site. The surface image (top) is from Google Earth (image date: 
03/08/2010). 
3.2.3.4  Dry matter yield 
Above ground dry matter (shoot) yield was measured prior to each grazing and in each regrowth cycle 
over six years on all plots. Starting in July 2006, there were 4, 4, 4, 3, 2 and 3 regrowth cycles, in Years 
1 to 6, respectively. In Year 5 (2010/2011), grazing by the farmer occurred before harvest samples 
could be taken. Dry matter measurement was based on ‘pasture capacitance probe’ (JenQuip, Fielding) 
readings calibrated to DM cuts at each measurement. Calibration cuts involved 10 probe readings 
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Figure 3.14 Lucerne plot 16 (rep 4) at the Lees Valley dominated by weed and grass species in Year 
6 (08/12/2011). Lucerne was sown on 6/02/2006. 
3.3.2 Botanical composition 
The sown species component of botanical composition differed (P˂ 0.01) among species over six years 
(Figure 3.16). It ranged from 7.5% for lucerne (0.5 t/ha) in Year 6, to 93% for Caucasian clover (5.0 t/ha) 
also in Year 6. Hawkbit (Leontodon taraxacoides), catsear (Hypochaeris radicata), haresfoot (Trifolium 
arvense), dandelion (Taraxacum officinale), browntop, blue tussock, sorrel, and woolly mullein 
(Verbascum thapsus) were the weed and grass species in the botanical composition. Despite 2.7 t 
DM/ha (spring growth) in the establishment year (2006/2007) and 2.8 t DM/ha in the following spring 
(2007/2008), lucerne DM decreased (P˂ 0.01) over time (Figures 3.13, 3.14 and 3.16). The lucerne 
component of botanical composition showed a rapid decline from 50% of the composition in Year 1 to 
31% in Year 4, and only 7.5% in Year 6. Conversely, the grass component (blue tussock and browntop) 
had the highest contribution (4.2 of 6.5 t/ha DM) in lucerne plots. In contrast, the Caucasian clover 
component of botanical composition increased (P˂ 0.01) over the six years (Figure 3.16). Its slow 
establishment meant only 15% of yield was Caucasian clover in Year 1 (0.4 t/ha spring DM), followed 
by a rapid increase to 65% in Year 2 (3.1 t/ha spring DM), and then up to the 93% in Year 6 (5.0 t/ha 
spring DM, Figures 3.16). The red clover component of botanical composition showed a gradual decline 
from 75% in Year 1 to 63% in Year 6 (Figures 3.16 and 3.17). However, its DM in the last spring (4 t/ha) 
was the highest (P˂ 0.01) over the six years. Similarly, white clover declined from 72% in Year 1 to 63% 
in Years 3 and 4, and was 55% in Year 6. The maximum spring DM for white clover was achieved in 
Years 3 and 6 at 3.2 t DM/ha (Figures 3.16 and 3.17).  
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3.4 Discussion 
Despite addition of lime and phosphorus to overcome the low soil pH and P deficiency, lucerne 
persistence was low at this site. Caucasian clover in contrast was the most persistent sown legume 
species particularly in Year 6 of this experiment. 
Growth in spring increased with temperature until low soil moisture in summer became the main 
environmental limitation to pasture production. Low soil and air temperature, from May to October 
(Table 3.3), coupled with potential rain deficit during summer (Figure 3.6 and Table 3.2) limited the 
growth and development of plants. Moreover, the soil physical and chemical characteristics also 
constrained production and persistence of these perennial legumes, and particularly lucerne. 
Together, these environmental factors resulted in the differences in production and persistence, 
amongst the sown legumes, over the six years of this study.  
3.4.1 Annual yield and botanical composition 
Caucasian clover yield exceeded other perennial sown legumes in the last three years of this 
experiment (Figure 3.13). It was the most persistent legume and had the highest sown species 
component from 2009/2010 to 2011/2012 growth seasons (Figure 3.16). In this period (Years 4-6), 
with greater relative growth in early spring (Figure 3.13), Caucasian clover covered up to 93% of the 
plots compared with 63% for red clover and 55% for white clover. However, due to the slow 
establishment of Caucasian clover, red clover yield was superior to the other sown legumes in Years 1 
to 3. These results agree with Scott (1998), who indicated the slow establishment of Caucasian clover, 
but reportedly it increased to become the dominant and the most persisted species after a decade of 
his field experiment (Section 2.3.2). The success of Caucasian clover to persist in these swards may be 
due its ability to store nutrients in its extensive underground rhizomes (Taylor and Smith, 1997) and 
root mass (Jarvis et al., 1998). This result confirms Caucasian clover should be considered as 
agronomically useful legume for the Lees Valley and other similar environments (Section 2.3.2). 
In contrast, lucerne was the second highest yielding legume after red clover in the establishment year 
(2006/2007). However, over the following five seasons, its annual yield was compromised by plant 
mortality and weed invasion (including white clover) leading to a change in botanical composition 
(Figures 3.12, 3.14, 3.15a and 3.16). As a consequence, the lucerne component and annual DM yield 
had the largest decline, amongst the sown legumes. However, lucerne yield in first two years (2006-
2008), were two times higher than those reported by Mullen et al. (2006). For Years 3 to 6 (2009-2012), 
lucerne DM was comparable to those of Mullen et al. (2006) and Moir and Moot (2010) on low soil pH 
(Section 2.5.1). Moir and Moot (2010), reported 1.2 t/ha of lucerne DM yield when 4 t lime/ha was 
surface applied at the Lees Valley site which indicates difficulty of lucerne persistence on this site.  
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White clover DM yield decreased over six years at the Lees Valley (Figure 3.13). The exception was Year 
6, with higher DM compared with the previous years. However, white clover had the lowest DM yield 
amongst other sown clovers at the end of the experiment (Figure 3.13). This result agrees with Knowles 
et al. (2003) who stated that white clover frequently fails to persist in dry environments. Its tap-root 
dies after about 18 months and thus persistence is reliant on short adventitious roots (Brock et al., 
2000; Widdup et al., 2003).  
3.4.2 Soil moisture deficit 
The dry matter production of lucerne, red clover and white clover was higher in Year 1 (2006/2007) 
compared with the following growth season (Figure 3.12) This was due to higher rainfall in the 
establishment year. The rainfall exceeded evapotranspiration in October, November and December 
2006 (Figure 3.2), and provided soil moisture for these sown species to establish. From Years 2 to 5, 
the summer drought periods were more severe than Years 1 and 6, due to higher soil moisture deficit 
(Figure 3.2). The sown clover species had the highest DM production in the last growth season (2011-
2012) compared with previous seasons (Figure 3.12). This was also due to higher available soil moisture 
in spring and summer of Year 6 (2011-2012), as the rainfall was close to, or even exceeded the 
evapotranspiration in most of that growth period (Oct-March), except for January 2012 (Figure 3.2). 
White clover was the lowest yielding amongst the sown clovers (Figure 3.13) at the end of this 
experiment (Year 6). In contrast, Caucasian and red clover had higher DM production (>7 t/ha) 
compared with lucerne and white clover. More productivity of Caucasian clover compared with white 
clover under drought conditions (Section 2.3.2), was reported by Black and Lucas (2000) and, Black et 
al. (2003). Red clover has shown to be more summer active, and its deeper root offers improved water 
extraction capacity in moisture limited conditions (Brown et al., 2005; Ford and Barrett, 2011). 
However, the red clover was beginning to thin out by the end of the experiment so future research 
(following chapters) focused on lucerne and Caucasian clover as the two extreme performers in this 
environment.   
3.4.3 Soil pH and aluminium toxicity 
The decline in lucerne population over time at the Lees Valley (Figure 3.15) can be attributed to toxic 
levels of aluminium in the soil depth (Table 3.4). Symptoms of Al toxicity (Section 2.2.2), were observed 
on lucerne roots (Figure 3.17). Surface lime application (5 t/ha in 2005) elevated the soil pH to 6.0, in 
the top soil (0-75 mm) of the Lees Valley (Table 3.3). This elevated pH (0-75 mm) remained constant 
over six years of this field experiment (Table 3.3). As a consequence, liming reduced soil exchangeable 
Al levels in the surface soil horizon from 12 mg/kg to 1.8 mg/kg. This indicates the importance of lime 
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application to reduce the toxic levels of exchangeable Al at the soil surface to safe levels (Section 2.2.2). 
These results agree with those reported by Mullen et al. (2006) and, Moir and Moot (2010). 
Plant species differ widely in tolerance to excess Al (Foy, 1988; Rout et al., 2001). The successful 
establishment of the sown legumes (Figures 3.12, 3.16, and 3.17) especially lucerne and white clover 
as the Al sensitive species, could be attributed to the beneficial effect of lime application at the Lees 
Valley. However, the soil pH and Al content in depth (˃75 mm) were unaffected by the 5 t/ha of surface 
applied lime (Table 3.4). This result agrees with Moir and Moot (2010) who reported lime is unlikely to 
reduce plant available soil aluminium in deeper soil horizons (˃75 mm) when surface applied. Safe Al 
levels for lucerne growth in the short term (four years) have not been achieved at the Lees Valley (Moir 
and Moot, 2014). They concluded the reduced lucerne rooting depth and therefore effective plant 
water availability were caused by low soil pH and high exchangeable Al levels. Similarly, results of this 
chapter showed horizontal root growth of lucerne, high plant mortality and low yield and persistence 
over six years of this field experiment. In these soil conditions, Caucasian clover appears to have an 
advantage over lucerne to persist through its rhizomatous root system that mainly remains in surface 
soil horizon where the lime had reduced aluminium levels. Caucasian clover also has shown (Section 
2.2.2) greater tolerance than white clover to elevated soil Al levels in tussock grassland sites (Caradus 
et al., 2001). 
3.4.4 Variable and shallow top-soil 
The top-soil depth to gravel was highly variable across the site (Figures 3.7and 3.10). For lucerne, the 
variability of soil depth meant the large variation of lucerne component ranged between 5 to 25%, 
from one replicate to another. Similarly, Moir and Moot (2010) reported that the low DM yield of 
lucerne was associated with the top-soil depth at the Lees Valley site. At this site, the finer textured 
top-soil sits over a very coarse gravel base (Figure 3.6) of low plant available water holding capacity 
(PAWC). The advantage of deep roots is greatest on soils with deep layers of fine material and 
consequently high PAWC (Brown et al., 2003). It is likely that variation in micro-topography, influencing 
topsoil depth (Figures 3.9 and 3.10) strongly affected plant yield by substantially increasing the PAWC 
of the deeper fine textured soil compared with an area with a shallow top-soil (Brown et al., 2003; 
Brown et al., 2009; Moir and Moot, 2010). In contrast, the sown Caucasian and white clover species 
with shallower root structure had an advantage over lucerne. However, white clover showed less 
aluminium tolerance than some other legume species (Caradus et al., 1987). Caucasian clover, in 
contrast, could spread by rhizomes in the high Al soil (Caradus et al., 2001). Caradus et al. (2001), 
concluded that optimising performance of Caucasian clover on these soils can be a more productive 
strategy than breeding for Al-tolerant white clover, and results from the Lees Valley field experiment 
confirm that assertion. The annual red clover yields in this study (3-4 t DM/ha) were lower than the 6- 
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8 t DM/ha reported from shallow soils (Allen et al., 1976; Hunter et al., 1994). However, it was one of 
the highest yielding amongst the sown legumes, in this experiment.  
3.4.5 Conclusion 
The variable topsoil depth, aluminium toxicity levels in deeper soil horizons (˃75 mm), in combination 
with a summer dry climate, were the key factors that limited the sown legumes production and 
persistence in the Lees Valley.  
Surface lime application was beneficial for the sown legumes establishment at the Lees Valley. 
However, it did not elevate the pH or reduce the aluminium content in deeper soil horizons, after six 
years. 
Lucerne production and persistence were low compared to the other three sown species at the Lees 
Valley site. In contrast, Caucasian clover was the most persistent and the highest yielding amongst the 
sown legumes, by Year 6.  
The effect of low soil pH, Al toxicity, and phosphorus deficiency (as potential growth limiting factors at 
the Lees Valley), on lucerne and Caucasian clover shoot and root growth, and nodulation will be 
assessed in the next chapter (Chapter 4) to confirm the species differential and look for potential 
mitigation strategies.    
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Chapter 4 
Lucerne and Caucasian clover dry matter, root growth and 
nodulation in response to lime and phosphorus in an acid high 
country soil of the Lees Valley  
4.1 Introduction 
The production and persistence of four pasture legume species were examined in the Lees Valley of 
North Canterbury (Chapter 3). From this, Caucasian clover was identified as having the highest 
production and persistence at the end of Year 6. Unexpectedly, lucerne yield was low and therefore 
further investigation was undertaken to understand what limited its growth. Low soil pH, high 
aluminium, low available phosphorus and nitrogen deficiency are all known to limit establishment and 
growth of legumes (Haynes and Williams, 1993; Moir et al., 2000; Moir and Moot, 2010) and are 
investigated in this chapter. 
There is a strong relationship between soil pH and aluminium levels in many high country soils 
including the Lees Valley (Moir and Moot, 2010). To overcome this, lime is recommended in sufficient 
quantities to increase the soil pH to at least 5.8 for aluminium sensitive species such as lucerne 
(Edmeades et al., 1983). Despite the application of 5 t/ha of surface applied lime (Table 3.3) at the 
beginning of the field experiment at the Lees Valley, lucerne performance over time was poor (Figure 
3.12, 3.13, and 3.16). 
In most cases, application of inorganic N is economically and environmentally unsustainable to support 
the pasture system in these low input, extensive systems. Therefore, the aim is for the nitrogen 
requirement to be provided from biological nitrogen fixation by legumes. Rhizobial symbiosis induces 
root nodules on legume plants and provides these plants with fixed nitrogen, which enables them to 
grow in nitrogen deficient soils. Environmental stresses may negatively affect the symbiosis and so 
limit biological nitrogen fixation (Section 2.3.4). Lucerne root growth and nodulation was limited at the 
Lees Valley site (Section 3.3.3, Figure 3.17). Therefore, a series of pot experiments were designed to 
investigate the negative factors affecting lucerne root growth and nodulation in the Lees Valley soil.  
In this chapter three pot experiments are described. These were established to grow lucerne and 
Caucasian clover in the soil of the Lees Valley. In the first experiment (Pot Experiment 1) plants were 
grown in small pots that contained the acidic high country soil collected from the Lees Valley to 
determine the potential for improvement of root and shoot growth by the addition of lime and 
phosphorus. In the second experiment (Pot Experiment 2) lucerne bare seeds (uninoculated) were 
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sown in the same soil. The aim was to capture any naturalized rhizobia that may be capable of 
nodulation of the lucerne roots from this soil. 
In the third experiment (Pot Experiment 3) lucerne and Caucasian clover were grown in 0.8 × 0.15 m 
P.V.C tubes to allow root growth to be expressed and to allow quantified nodulation assessment, in a 
similar soil from the Lees Valley site but with different N sources, lime, and P rates incorporated. 
4.2 Materials and Methods 
4.2.1 Soil collection, preparation, and the edaphic characteristics. 
Top soil was collected in May 2010 to 0.2 m depth of overlaying gravel from a paddock at ‘Mt Pember 
Station’ in the Lees Valley (43˚, 08’, 25ʺ S and, 172˚, 11ʹ, 20ʺ E), North Canterbury, New Zealand. The 
soil is a high country yellow brown shallow stony soil (NZ classification: Orthic brown soil, (Hewitt and 
Whenua, 1998); USDA: Dystrochrept, Soil Survey Staff). The texture of the top soil is a silt loam. The 
site is 430 m a.s.l. with a mean annual rainfall of 600 mm, which mainly falls in winter and early spring. 
The soil was prepared for the pot experiments by passing through a 4 mm sieve while field moist. This 
removed any large stones and all plant residues and soil was then homogenized by mixing thoroughly. 
The stones that remained after sieving were then separated. A full soil analysis was conducted before 
the experiments started to confirm its low fertility status (Table 4.1). These edaphic characteristics are 
marginal for legume establishment, and therefore limited pasture growth and development in the Lees 
Valley (Chapter 3).  
Table 4.1 The soil properties of acid high country soil samples from the Lees Valley, North 
Canterbury, used for Pot Experiments 1 and 2. 
Soil properties Level found Optimum range for legumes 
pHwater 5.1 5.8-6.3 
Olsen Phosphorus (mg/L) 9 20-30 
Sulphate Sulphur (mg/kg) 9 7-15 
Potassium (me/100g) 0.41 0.5-0.7 
Calcium (me/100g) 1.40 6.0-12.0 
Magnesium (me/100g) 0.49 1.0-3.0 
Sodium (me/100g) 0.14 0.2-0.4 
CEC (me/100g) 15 12-25 
Total Base Saturation (%) 16.1 55-75 
Aluminium* (mg/kg) 13.9 0.0 
Total Molybdenum (mg/kg) 0.3 
Organic Matter (%) 9.2 7-17 
Total Carbon (%) 5.35 
*CaCl2 extractable.
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4.2.4 Pot Experiment 1. Root growth and nodulation of lucerne and 
Caucasian clover in response to soil pH and phosphorus. 
4.2.4.1 Experimental design and treatments 
This experiment was established and measured by an undergraduate student and reported as his 
Honours project (Jordan, 2011). His study investigated the optimum phosphorus and pH status for 
above-ground growth of 12 novel legume species grown for a period of 294 days. After his data 
collection was complete, the lucerne and Caucasian clover pots were maintained for further studies 
on root growth and nodulation for this research project. 
The original treatments were eight rates of phosphorus as [Ca (H2PO4)2.H2O], that contained 24.6% P 
(w/w), or five rates of lime (CaCo3 laboratory grade) incorporated in a complete randomized block 
design into the soil prior to the start of the experiment (Tables 4.2 and 4.3). Each treatment was 
replicated four times. 
Table 4.2 Phosphorus treatment rates used to incorporate into the Lees Valley soil prior to the 
start of Pot Experiment 1 (Jordan, 2011). 
P rate (mg/kg soil) P rate (kg/ha) 
0 0 
10 8 
30 24 
60 48 
100 80 
250 199 
500 397 
1500 1191 
Standard pots of 7.46×10-4 m3 in volume (95 mm depth and 100 mm diameter) were used. Field moist 
soil (600 g) collected from the Lees Valley was weighed for each pot and placed into a plastic bag. The 
appropriate phosphorus or lime treatment was weighed and then added to the bag and mixed 
thoroughly. This bag was then emptied into the labelled pot. 
Table 4.3 Lime (CaCo3 laboratory grade) treatment rates used to incorporate into the Lees Valley 
soil prior to the start of the Pot Experiment 1 (Jordan, 2011). 
Lime rate (T/ha) Lime rate (mg/kg soil) 
0 0 
2 8 
5 24 
8 48 
15 80 
The pots were placed on saucers, which stored any leachate, if drainage occurred, so that nutrients 
were not lost from the soil/plant system. These pots were then placed in the glasshouse and watered 
lightly on the 2nd June 2010. The final soil surface level was approximately 20 mm below the top of the 
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pot. The germination rate for lucerne and Caucasian clover seeds was determined (77 and 81%, 
respectively) before sowing (Jordan, 2011). The pots were inoculated with commercial (diluted peat 
culture) rhizobia strains (‘Nodulaid’; Becker Underwood Ltd, Australia) appropriate to each legume 
species (‘AL’; Sinorhizobium meliloti for lucerne and ‘CC238b’; Rhizobium leguminosarum bv. Trifolii 
for Caucasian clover) 16 days post germination. 
4.2.4.2.  Plant establishment  
Lucerne and Caucasian clover seeds were sown at 10 seeds pot-1 (later thinned to 5 plants pot-1), and 
received a light watering on 3rd of June 2010. The pots were hand weeded as necessary throughout 
the experiment.  
4.2.4.3.  Basal nutrient application  
Basal nutrient solution was applied to the pots throughout the experiment. A ‘complete nutrient 
solution’ (Brooking, 1976; Caradus and Snaydon, 1986) was applied to the lime treatment pots that 
contained all macro and trace elements required for plant growth. The P treatment pots received a 
modified version of this solution that contained no phosphorus. These solutions were applied on a 
regular basis (twice in every 30 days over winter, then once every seven days thereafter during rapid 
growth in spring and early summer) to ensure adequate plant nutrition. In terms of key macro 
nutrients, the pots received approximately 200 kg S ha-1 and 500 kg K ha-1 equivalent from the nutrient 
solutions. The lime pots received approximately 200 kg P ha-1, which increased the soil Olsen P to an 
optimum level of approximately 30 μg P mL-1. 
A small quantity of N (30 kg N ha–1 equivalent) nutrient solution was applied, in the form of ammonium 
nitrate (NH4NO3) on 16th of July 2010 (28 days post germination). This was applied to all pots to 
overcome any possible plant N deficiencies during the seedling establishment phase, and applied again 
on 23rd of September 2010 as the plants were pale. Beyond this point, plants were dependant on N 
sourced from N fixation or soil N for growth. 
4.2.4.4. Soil moisture and watering management 
The pots were watered daily to 35-40% soil moisture content (water percentage by mass), which 
represented a soil which was neither waterlogged nor dry. All pots received the same amount of water 
during the growth period, regardless of plant growth differences amongst pots. Four pots were 
randomly selected from each block every seven days and weighed, to check that the target soil 
moisture content was being achieved and maintained. In most cases, this watering regime allowed for 
adequate soil moisture to cope with high plant growth rates, and avoided water logging and leaching. 
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4.2.4.5. Measurements 
Plants were harvested every 28- 35 days to prevent flowering (Jordan, 2011). A total of seven harvests 
were performed from September 2010 to March 2011. Lucerne and Caucasian clover pots were then 
allowed to grow on (to the flowering stage) to examine root growth and nodulation for this research.  
Lucerne and Caucasian clover plants were harvested at the flowering stage, 328 days after sowing on 
8th of May 2011. Plants were completely removed from each pot with the soil separated carefully from 
the roots. Roots were gently washed to prevent damage and losses, at the root washing facility at the 
Field Research Centre, Lincoln University. Nodulation was assessed by evaluating nodule colour, 
number, position and size according to a modified criteria from Rice et al., (1977); (Table 4.4). The 
roots were subsequently separated from shoots and stored in the refrigerator at 4°C for root analysis 
(Section 4.2.7) with the commercial software package WinRHIZO (Regent Instruments Inc, Quebec, 
Canada). After root assessment, the root samples were dried at 70°C for 48 h and then weighed. All 
herbage samples were also placed in a small paper bag and oven dried. These herbage samples were 
then weighed on a four decimal place balance to obtain the dry weight of each sample. The soil from 
each pot was removed for pH measurement. This final soil pH was measured at 1:2.5 air-dried 
soil:water ratio by pH probe, at Lincoln University,  for each pot of lucerne and Caucasian clover. 
Table 4.4 Nodule characteristics and criteria (Rice et al., 1977) used for lucerne and Caucasian 
clover nodulation assessment from Pot Experiments 1, 2, and 3, at Lincoln University, in 
2011. 
Nodule characteristics Criteria Score 
Colour 90-100% pink 4 
70-89% pink 3 
50-69% pink 2 
30-49% pink 1 
0-29% pink 0 
Number ˃ 20/plant 2 
5-20/plant 1 
1-5/plant 0.5 
None 0 
Position* 60-100% crown 2 
20-59% crown 1 
0-19%crown 0 
Size ˃ 10 mm diam 2 
3-10 mm diam 1 
˂ 3 mm diam 0 
*Plants with nodules on the first 50 mm of taproot or on lateral roots within 10 mm of this taproot region were
considered to be crown-nodulated. 
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4.2.5 Pot Experiment 2. Lucerne root properties in response to lime and 
phosphorus under glasshouse conditions. 
In Pot Experiment 2, bare seeds of lucerne (uninoculated) were sown into pots (150 × 150 mm =2.65 
×10-3 m3) that contained soil collected from the Lees Valley (Section 4.2.1). The aim was to quantify 
root growth and capture any naturalized rhizobia capable of nodulation from the Lees Valley soil. 
Lucerne seeds were sown on 3rd of June 2010 and plants excavated from pots 242 days later on 10th of 
February 2011.  
4.2.5.1  Experimental design and treatments 
A completely randomized design was used under glasshouse conditions at the Lincoln University 
glasshouse facility. Three rates of phosphorus (0, 30, and 250 mg kg-1 soil), or lime (0, 5, and 15 t ha-1) 
were added in two replicates. The phosphorus treatment pots received basal lime at a rate of 5.0 t/ha 
equivalent, in the form of pure (100%) laboratory grade CaCO3. The appropriate phosphorus or lime 
treatments were prepared as outlined in Section 4.2.4.1. Pots were then placed in the glasshouse and 
watered lightly on the 2nd of June 2010. The final soil surface level was approximately 20 mm below 
the top of the pot. Lucerne seeds were sown at 20 seeds pot-1 (later thinned to 10 plants pot-1) and 
received a light watering on 3rd of June 2010. The pots were hand weeded as required. Basal nutrient 
application was as described in Section 4.2.4.3. Watering management and measurements were as 
described for Pot Experiment 1.  
4.2.6 Pot Experiment 3. Lucerne and Caucasian clover dry matter, root 
growth and nodulation in response to lime and phosphorus in an acid, 
high country soil from the Lees Valley  
4.2.6.1  Experimental design and treatments 
This experiment used the clover cage facility (an outside area) at the Nursery, Lincoln University. Top 
soil was collected in late September 2010 at 0.3 m depth of overlaying gravel from a paddock at ‘Mt 
Pember Station’ in the Lees Valley (high country marginal site, 43˚, 07’, 15.60ʺ S and, 172˚, 11ʹ, 48.27ʺ 
E), North Canterbury, New Zealand. This site was located about two kilometres from the 10 ha Lincoln 
University’s experimental site, and had no known farming background or fertiliser application in the 
last 60 years. Soil preparation was the same as outlined in Section 4.2.1. Soil analysis (Table 4.5) 
showed phosphorus and calcium deficits (12 mg/l, and 1.9 me/100g soil, respectively), low pH= 5.2 
(1:2 (v/v) soil: water), and high aluminium levels (15.1 mg/kg soil).  
Lime rates were chosen based on the calibration curve for the soil pH of the Lees Valley (Section 4.2.2). 
Five levels as laboratory grade CaCO3 (equivalent to 0, 0.5, 1, 2 and 4 t/ha) were added to plastic bags 
containing 5.1 kg soil for each tube and mixed, 28 days before sowing the seeds. Phosphorus as [Ca 
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(H2PO4)2.H2O], at two levels (0 or 250 mg P/kg soil) containing 24.6% P (w/w), was added to the soil in 
the plastic bags and mixed one day before sowing. 
Preparing P.V.C columns 
The design of the columns was adapted from LeNoble et al. (1996) and Vaughan et al. (2002). Columns 
were cut uniformly from polyvinylchloride (P.V.C) pipe. Each column was 0.15 m diameter and 0.8 m 
long, with a wall thickness of 4 mm. A plastic pot (0.2×0.15 m) was put in the bottom of each column 
to allow drainage. 
Table 4.5 The soil properties of an acid high country soil sample from the Lees Valley, North 
Canterbury, used for the Pot Experiment 3. 
Soil properties Level found Optimum range for legumes 
pHwater 5.2 5.8-6.3 
Olsen Phosphorus (mg/L) 12 20-30 
Sulphate Sulphur (mg/kg) 9 7-15 
Potassium (me/100g) 0.57 0.5-0.7 
Calcium (me/100g) 1.9 6.0-12.0 
Magnesium (me/100g) 0.93 1.0-3.0 
Sodium (me/100g) 0.05 0.2-0.4 
CEC (me/100g) 15 12-25 
Total Base Saturation (%) 22 55-75 
Aluminium*(mg/kg) 15.1 0.0 
Total Molybdenum (mg/kg) 0.3 
Organic Matter (%) 5.7 7-17 
Total Carbon (%) 3.3 
*CaCl2 extractable.
Figure 4.2 A split-split plot design experiment with four replicates to evaluate effects of different 
nitrogen source, lime, and phosphorus treatments on lucerne and Caucasian clover 
grown in P.V.C tubes filled with the soil of the Lees Valley, at the Lincoln University 
Nursery (clover cage facility) in 2011. 
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The columns were then filled with 0.3 m of stone (5 mm≤ diameter of stones ≤ 100 mm) from a 
commercial source with the same parent material, and the soil from the Lees Valley (5.1 kg soil 
provided as lime and P treatments, in plastic bags) in the top 0.3 m above, to mimic the actual Lees 
Valley soil profile (Figure 4.2). 
Seed inoculation, sowing and management 
Commercial peat-based inoculants (S. meliloti strain RRI128 for lucerne and Rhizobium leguminosarum 
bv. Trifolii strain ICC 148 for Caucasian clover) were used to inoculate lucerne and Caucasian clover 
seeds two hours before sowing on 29th of March 2011. The sowing rate for lucerne and Caucasian 
clover was equivalent to 14 and 10 kg/ha, respectively. After 15 days, seedlings were thinned to 20 
plants per column. The columns were watered every seven days after measurement of moisture in the 
top 0.2 m of soil with a portable TDR (Trace system, Soil Moisture Equipment, Santa Barbara, CA, USA). 
The aim was to keep the soil moisture at 50% of field capacity.  
Figure 4.3 Lucerne and Caucasian clover seedlings after a snow event on 25/07/2011, in Pot 
Experiment 3 at the Lincoln University Nursery. 
Measurements during the growth period 
The number of lucerne and Caucasian clover plants in each column was recorded eight times during 
the growth period (228 days) to investigate the effect of soil pH and aluminium content on seedling 
survival of sown legumes (Figure 4.4 and Figure 4.5).  
Harvesting plants at the end of the growing period 
Plants from each column were excavated 228 days after sowing on 17th of November 2011, when 
approximately 30% of lucerne plants were mature and at the flowering stage. The soil and stones were 
separated carefully from the roots (Figure 4.6). Plants from each column were gently washed and then 
photographed (Figure 4.7). Root and shoot samples were prepared, and nodulation was assessed 
(Section 4.2.4.5.) 
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Soil analysis after harvesting 
Stones were separated from the soil of each P.V.C. column. The soil from each lucerne column was 
mixed and homogenized separately and analysed for final phosphorus and aluminium content. 
4.2.7 Root parameter analysis with WinRHIZO 
The commercial software package WinRHIZO 4.1 (Regent Instruments Inc., Quebec, Canada, 2000) 
works under the Windows software program. It uses a skeletonization method to measure the root 
parameters. WinRHIZO uses a non-statistical method to compute morphological measurements based 
on the information contained in the image files (Figure 4.8).  
The roots were spread out over a transparent, water filled tray (8 mm water depth). The tray was then 
placed on the scanner bed and the roots were scanned. Large roots were cut into small segments, this 
procedure decreased the number of root overlaps, which are considered to be the major error source 
in root length estimation. Root surface area was calculated from the measured diameter with a simple 
trigonometric formula, by WinRHIZO. Root volume was calculated automatically by the software. 
Figure 4.8 Measurement of lucerne (left) and Caucasian clover (right) root growth parameters by 
the WinRHIZO software from the scanned roots. These two plants were excavated from 
tubes that contained the Lees Valley soil, incorporated with 4 t/ha lime. The red colour 
presents the calculated length of fine roots (root diameter ≤ 0.5 mm) by the WinRHIZO 
software. 
47 
4.2.3.8  Statistical analysis 
Treatments effects for all experiments were compared by analysis of variance (ANOVA) using GenStat 
version 12 statistical software. ANOVA tables are presented in Appendix A. The mean values were 
compared using Fisher’s protected LSD (5%). Regression analysis and curve fitting were undertaken, 
using SigmaPlot 11.0 and GenStat 12 software, for significant interactions. 
A completely randomised design was used for the soil pH response to lime rates (Section 4.2.2) before 
starting Pot Experiment 3. The calibration curve for the soil pH in response to applied lime rates was 
used to determine the appropriate lime rates as a treatment for Pot Experiment 3 (Section 4.2.6.1).  
Pot Experiments 1 and 2 
The model included legume species, P treatment rate, or lime rates. The interaction effects were 
analysed as P rate x species or lime rate x species as fixed effects. Data were analysed using a 
randomised complete block design function.  
Pot Experiment 3 
The effects of the nitrogen source, phosphorus, or lime rates on legume species growth parameters 
(Shoot DM, root DM, total root length, root volume, root surface area, number of nodules, and nodule 
score) were statistically analysed by split-split plot ANOVA for Pot Experiment 3 (Appendix A). Nitrogen 
source was used as the main plot. Phosphorus treatment at two rates (0 and 250 mg/kg soil) as sub-
plots and lime at five rates (0, 0.5, 1, 2, and 4 t lime/ha) as the sub-sub plots. 
4.2.8 Isolation of bacteria for rhizobia characterization  
Nodules were collected from lucerne and Caucasian clover roots grown in Pot Experiments 1, 2, and 3 
to identify bacterial genotypes and these results are presented in Chapter 7.  
4.3 Results 
4.3.1  Pot Experiment 1 
4.3.1.1  Phosphorus response 
 
Shoot DM 
Yields of sown legume species was affected (P˂0.001) by the interaction of P level and species (Figures 
4.9 and 4.10). Both legume species showed a rapid rise in shoot DM in response to added 250 mg P/kg 
soil. Lucerne showed the general pattern of higher shoot DM as applied P increased. Shoot DM of 
lucerne increased from 522 g/m2 in the control to 1790 g/m2 with the 1500 mg P/kg soil application 
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Figure 4.15 Lucerne growth in response to applied lime. Lucerne plants were grown in Pot 
Experiment 1 that contained soil from the Lees Valley. Lime rates (0, 2, 5, 8, and 15 t/ha) 
were applied to elevate the soil pH. Lucerne seedlings did not survive in the control (no 
lime) pots. 
Total Root Length 
Total root length of sown legume species was affected (P˂0.001) by the interaction of lime rate and 
species (Figure 4.16). Lucerne root length ranged from zero, with no seedling survival, in the control 
to 27 m per plant in the 8 t lime/ha treatment. Lucerne showed the general pattern of total root length 
increase with a rapid rise to 18 m in the 2 t/ha of lime application, followed to the maximum length in 
the 8 t/ha of lime. There was no difference in total root length response of lucerne to higher levels of 
lime above 5 t/ha, according to the Fisher’s protected LSD (Figure 4.16). Similar to the root DM 
response, the plateau is due to the restricted volume of the small pots that caused the roots being 
bound which confounded the lime response. There was no effect of lime rates on total root length of 
Caucasian clover according to the Fisher’s protected LSD (Figure 4.16). However, in contrast to lucerne, 
the Caucasian clover plants survived and expanded their roots in the acidic soil of the Lees Valley with 
no lime application.  
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4.3.2 Pot Experiment 2 
4.3.2.1  Lime response 
Shoot and root DM (g/pot) of lucerne plants were affected (P≤0.05) by lime rates in Pot Experiment 2. 
Lucerne shoot dry matter ranged from 37 g/pot in the control with no lime application to 211 g/pot in 
the 15 t lime/ha. Root DM ranged from 85 g/pot in the control to 231 g/pot in the 15 t lime/ha 
(Table 4.6). Lime rates decreased (P ≤0.001, Table 4.6) the root to shoot ratio of lucerne plants from 
2.3 in the control to 1.1 in the 15 t lime/ha (Table 4.6). 
4.3.2.2  Phosphorus response 
The root volume and root surface area of lucerne plants were affected (P≤0.05) by phosphorus levels. 
The root volume increased from 3.6 in the control, to 12.6 cm3 by adding 250 mg P/kg soil (Table 4.6). 
The root surface area of lucerne plants ranged from 226 cm2 in the control, to 572 cm2 with 250 mg 
phosphorus application per kg of soil (Table 4.6).  
4.3.2.3  Nodulation assessment 
As mentioned in Section 4.2.5, the bare seeds (uninoculated) of lucerne were sown in Pot Experiment 
2 that contained the soil collected from the Lees Valley. There were a total of 29 nodules recovered 
from 85 lucerne plants. These nodules were used for bacterial isolation (Chapter 7). 
Table 4.6 Values of shoot and root DM, root to shoot ratio, total root length, root volume and 
root surface area of lucerne plants grown in Pot Experiment 2, under glasshouse 
conditions in the Lees Valley soil supplied with increasing rates of lime (3 rates of CaCo3; 
ranging from 0- 15 t/ha equivalent), or phosphorus (3 rates of [Ca (H2PO4)2.H2O] ). 
Variable Shoot DM 
(g/pot) 
Root DM 
(g/pot) 
Root/Shoot 
ratio 
Total Root 
Length (m) 
Root 
Volume 
(cm3) 
Root Surface 
Area (cm2) 
Lime rates (t/ha) 
0 37.0 a 85.0 a 2.3 a 16.4 8.5 293 
5 91.9 b 128 a 1.4 b 24.4 4.3 533 
15 211 c 231 b 1.1 c 27.2 9.8 608 
Grand 
mean 
113 148 1.6 22.7 11.3 478 
SEM 6.73 9.93 0.01 3.46 2.54 104 
P  * * *** ns ns ns 
Phosphorus rates (mg/kg soil) 
0 24.8 34.7 1.40 11.7 3.60 a 226 a 
30 27.2 39.6 1.46 13.5 3.38 a 237 a 
250 39.6 58.1 1.50 22.1 12.6 b 572 b 
Grand 
mean 
30.5 44.1 1.45 15.8 6.51 345 
SEM 5.75 4.29 0.12 1.81 1.07 24.6 
P  ns ns ns ns * * 
*, **, *** indicate the treatment effect being significant at P<0.05, P<0.01, P<0.001 respectively.  
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4.3.3.2  Post experiment soil test results  
The soil pH was elevated (P˂0.001) from 5.4 to 5.5, 5.6, 6.1, and 6.7 by the 0.5, 1, 2 and 4 t/ha of lime 
applied, respectively. Soil test results of different lime rates showed that available Al levels were 
associated (Figure 4.20, R2= 0.67) with soil pH. Soil available Al was low within the soil pH range of 5.6 
-6.7. Below this range Al levels increased sharply to 7 mg/kg soil at soil pH of 5.4 (Figure 4.20). 
 
Figure 4.20 The relationship between available aluminium and soil pH of the Lees Valley from the 
P.V.C tubes after harvesting lucerne plants (Pot Experiment 3). The blue line shows the 
toxic threshold of Al for several plant species (Wheeler et al. 1992). 
The availability of phosphorus and Al in the soil were both affected (P˂0.05) by the interaction of P and 
lime rates. At soil pH of 5.4, Olsen P was 36 mg/l and increased to 51 mg/l at pH of 5.5 (Figure 4.21). 
The application of half a tonne of lime with P, reduced Al from 7.6 mg/kg to 1.8 mg/kg soil (Figure 4.22). 
The measured Olsen P from control tubes in different soil pH (no-P treatment) showed no response to 
lime rates (Figure 4.21). 
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Figure 4.39 Root images from lucerne and Caucasian clover analized by WinRHIZO software, after 
228 days growing in P.V.C tubes that contained the Lees Valley soil; (a) 1 t lime/ha, (b) 
2 t lime/ha, (c) 4 t lime/ha. Red colour presents the detected fine roots by the software 
to calculate the fine root length of sown legumes. 
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4.4 Discussion 
On average, lucerne produced more shoot DM than Caucasian clover in the Pot Experiments that 
contained the Lees Valley soil in this study (Figures 4.14a, 4.23b, and 4.30), which contrasts the field 
results (Chapter 3). As the Al content in the soil was decreased by lime incorporation, lucerne and 
Caucasian clover growth were more dependent on nitrogen availability. The low soil N in the Lees 
Valley therefore limited growth of the sown legumes. As a consequence, biological nitrogen fixation 
played an important role in the supply of nitrogen to plants. The growth parameters of both sown 
legumes were significantly higher in inoculated plants with rhizobia than the control or the 50 kg N/ha 
application (Figures 4.23, 4.25, 4.26, 4.27, 4.29, 4.30, 4.31, 4.33a).  
Previous studies (Edmeades et al., 1983) found a 50% reduction in DM yield of pastures when 
aluminium levels were > 1 me/100 g of soil. This aluminium toxicity is more likely to occur in the subsoil 
than topsoil (Edmeades et al., 1983). Therefore, soil pH of the Lees Valley could be elevated to around 
5.8 by lime down to 50 cm of soil profile, as occurred in Pot Experiment 3. In this situation, lucerne 
would have an advantage in total dry matter production over Caucasian clover, if about 2 t/ha of lime 
could be incorporated down the soil profile. This is technically, economically, and agronomically 
difficult in high country regions such as the Lees Valley. Such lime incorporation into the soil profile 
would need new techniques and improvement in machinery to minimise the negative impact of 
cultivation in dryland high country regions. It is also agronomically difficult to incorporate lime into the 
shallow soils, like the Lees Valley, where wind erosion after cultivation is a significant risk. Overcoming 
these issues is an opportunity for further research.  
Lucerne had lower persistence and survival than Caucasian clover in the long term field experiment in 
the Lees Valley site (Figure 3.15) and also in the control pots in Pot Experiment 1 (Figure 4.14). The 
growth of lucerne and Caucasian clover in the small pots with no lime, highlights the response of the 
sown legumes (Figure 4.14) to the shallow soil of the Lees Valley site. The production and persistence 
of lucerne depends on its taproot system. In contrast Caucasian clover, as a rhizomatous plant had an 
advantage in terms of production and persistence probably due to its rhizomatous root system which 
exploited the available soil more fully than lucerne. The maximum soil depth in the experimental site 
was 25 cm and decreased to only 5 cm in some areas (Figure 3.9). Surface lime application (5 t/ha) only 
elevated the pH in 75 mm of soil depth at this site (Table 3.4).  
Lucerne was more responsive to lime and nitrogen treatments than Caucasian clover in terms of root 
growth parameters. However, both legumes produced similar root DM in Pot Experiment 1 (Figures 
4.12 and 4.14b). This can be explained by the small pots (7.46x10-4 m3) and long growth duration (328 
days), which meant the plants appeared root bound. This was the main reason to conduct Pot 
Experiment 3, to allow deep root expansion in 0.8 m long P.V.C tubes, and contrast the root 
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morphology of the two species. Root to shoot ratio of lucerne plants in response to lime and rhizobia 
treatments (Figure 4.24) indicated high ratios of partitioning below ground for lucerne, when the Al 
toxicity was addressed by 2 t/ha of applied lime. This result agrees with Sim (2014) who reported 
lucerne crops in the establishment year continued to maintain high ratios of partitioning below ground. 
Results from the Lees Valley field experiment over six years (Chapter 3) compared with combined 
results presented in this chapter evaluated the main constraints for lucerne and Caucasian clover 
production and persistence in that acidic high country soil. These factors are now discussed in detail. 
4.4.1 Nitrogen Deficiency 
Nitrogen deficiency was the main constraint for lucerne and Caucasian clover growth. The dry matter 
production of inoculated plants was four times higher than the “bare seed sown” legumes (Figures 
4.23a, and 4.30). The nitrogen content of the original soil was low (Chapter 3) and shoot DM response 
to 50 kg N/ha application, as a starter nitrogen treatment, was not significant (Figures 4.23a and 4.30). 
Therefore, the sown legumes were almost totally reliant on biological nitrogen fixation in the Lees 
Valley soil. The combined results suggest the improvement of plant growth parameters by nitrogen 
fixation in Pot Experiment 3. Shoot and root growth were higher when the rhizobia inoculant were 
used, compared with “bare seed sown legumes” or the 50 kg N/ha treatment (Figures 4.23a, 4.26, 
4.27, 4.29, 4.30, and 4.33a). However, successful nodulation and efficient nitrogen fixation were 
jeopardised in the original soil of the Less Valley. Therefore, commercial inoculant and lime rates were 
used to overcome this issue and improve biological nitrogen fixation.  
The quantified data of fine root growth (Figure 4.38) indicated if adequate nitrogen was available for 
lucerne and Caucasian clover, they would have survived in acidic high Al content of the Lees Valley soil. 
In this case, the nitrogen should be provided by BNF. These results suggest the main limiting factor for 
legume production in the Lees Valley site was the deficiency of symbiosis and poor survival of rhizobia. 
Lucerne fine root growth was completely suppressed in a soil pH 5.4 (Figure 4.38). The Al content in 
this soil pH was ca. 8 mg/kg soil which is double the toxic threshold for lucerne fine root growth. Even 
the lowest level of lime (0.5 t/ha) plus rhizobia inoculant improved fine root growth of lucerne, 
compared to control and the 50 kg N/ha treatment. Fine root length of Caucasian clover followed a 
similar trend. However, there was no effect of soil pH on fine root growth when rhizobia inoculant was 
added. This may be due to higher tolerance of Caucasian clover rhizobia (R. leguminosarum biovar 
trifolii) to low pH and high Al compared to S. meliloti.  
As a symbiosis, both the host legume and the symbiont rhizobia should be considered, to understand 
the environmental effects on nitrogen fixation.  
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A) Rhizobia survival and nodulation in the Lees Valley soil
The effect of lime application on the nodulation of sown legumes was a determinant of the success of 
legume production. The nodulation of both legumes was improved by lime rates (4.35, 4.36, and 
4.17b). Results suggested the 2 t lime/ha treatment (soil pH around 6) as an optimum rate of lime 
application for lucerne production in the Lees Valley soil. This would achieve more than 100 
nodules/pot (Figure 4.35a) which was equivalent of 10 nodules/plant. This suggests that most of the 
lime response by lucerne was due to improved nodulation as found by Munns (1965a).  
A positive relationship (R2=0.84) was found between the number of nodules/pot and the soil pH. The 
lime treatment was incorporated into the Lees Valley soil, and as a result, the soil pH around the roots 
was elevated to 6.1 (Section 4.3.3.2). Consequently, the aluminium content decreased to 0.3 mg/kg 
soil (Figure 4.20). At this soil pH, the lucerne growth and nodulation (Figures 4.35a, and 4.36a) was 
unlikely to have been affected by aluminium toxicity (Moir and Moot, 2010).  
When the soil pH was below 5.6, the nodulation of both legumes was suppressed (Figure 4.35). The 
aluminium content above 2 mg/kg soil suppressed the nodulation of both legumes (Figure 4.37a). 
Moreover, lucerne nodulation was more sensitive to Al toxicity than Caucasian clover. This rapid 
decline in nodulation could be attributed to the direct effect of aluminium on the growth and survival 
of rhizobia and hence a decline in number with low soil pH (Cooper et al., 1983; Coventry et al., 1989). 
The survival of rhizobia cells in the soil cannot be deduced from the results in this chapter. However, 
low nodulation of lucerne and Caucasian clover in the soil pH below 6 can be attributed to an 
inadequate number of rhizobium in the soil. The molecular studies on rhizobia strains obtained from 
lucerne nodules (Chapter 7), suggest a higher diversity of rhizobia genotypes as the pH increased in 
the Lees Valley soil. Moreover, the difference in nodulation between plants treated by inoculant 
compared with control (no nitrogen) and the 50 kg N/ha application, is indirect evidence of a 
suppressed number of rhizobia cells in the soil. This means that the low pH and Al toxicity reduced the 
rhizobia survival in the original soil of the Lees Valley. As a consequence, the rhizobial community of 
the soil was insufficient in number to trigger the symbiosis with the sown legumes. S. meliloti is 
reported to be the most acid-sensitive species of rhizobia (Tiwari et al., 1992; Vincent, 1981). Brockwell 
et al. (1991), reported that the number of S. meliloti/g of soil decreased sharply in soil pH below 6. 
Their results showed that the mean number of S. meliloti at 16 sites with soil pH >7.0 was 89000/g soil, 
while the mean number at 37 sites of pH≤ 6 was only 37/g. Moreover, the aluminium decreases nodule 
initiation at concentrations which do not affect nodule function or host legume growth (Robson et al., 
1991). 
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B) The negative effect of low pH and Al toxicity on plant survival and root growth  
In the rhizobium- legume symbiosis the process of nitrogen fixation is strongly related to the 
physiological state of the host plant. Soil acidity and aluminium toxicity suppressed this physiological 
state and subsequently the vigour of the sown legumes in this study (Table 4.6, Figures 4.4, 4.5, 4.14a, 
4.15, 4.19, and 4.23b). Therefore, even the availability of acid-tolerant rhizobia species or strains in the 
low soil pH, is not a guarantee of successful nodulation and nitrogen fixation.  
Plant survival and growth 
Both legume species responded to lime application in terms of plant survival and shoot dry matter 
(Table 4.6, Figures 4.14a, 4.23b, and 4.30). Acid soils are reported to limit plant growth by altering 
physiological and biochemical processes (Foy, 1984; Grewal and Williams, 2003). Caucasian clover 
survival and growth rate were higher than lucerne when the soil pH was 5.4 and Al content was above 
6 mg/kg soil which is consistent with previous reports. Caradus et al. (2001) monitored the growth of 
15 legumes for three years on different Otago upland soils with high Al and reported promising 
performance of Caucasian clover on these soils as a tolerant and productive species. The soil pH was 
elevated from 5.4 in the no-lime treatment to 5.5 by 0.5 t lime/ha application (Section 4.3.3.2). This 
small change of 0.1 unit in soil pH, decreased the available Al level from 7 to 2 mg/kg soil (Figure 4.20) 
and improved lucerne shoot dry matter, 10 times compared with the control (Figure 4.23b). Results of 
this chapter support the previous studies of lime application to improve the productivity of legumes 
especially lucerne which is one of the most sensitive legumes to low pH and high Al soil content 
(Caradus et al., 2001; Grewal and Williams, 2003; Helyar and Anderson, 1971; Li et al., 1997; Moir and 
Moot, 2010; Mullen et al., 2006) It is difficult to distinguish the direct effect of Al toxicity on plant 
growth parameters, from the effect of low pH in the soil, as they are highly associated. However, the 
improvement in plant survival and growth of lucerne seedlings in a soil pH of 5.5 compared with 5.4 
suggests that the main limiting factor for lucerne survival in the Lees Valley soil, was primarily due to 
aluminium toxicity rather than a limitation of other nutrients induced by the low pH. In the acidic soil 
of the Lees Valley, with toxic aluminium concentrations, abnormally branched and horizontal roots 
represented a greater proportion of the lucerne root system (Figure 3.8). In this situation, the toxicity 
of aluminium has reported to be of greater importance than hydrogen ions (Humphries and Auricht, 
2001). Munns (1965b), also reported that lucerne can grow as well in solutions maintained at pH 4 as 
at pH 5, and its growth at pH 4 was little affected when aluminium was not added (<0.1 µM). The 
number of survived seedlings in low pH (5.4) was higher for Caucasian clover than for lucerne (Figure 
4.19). However, these survived seedlings, of both legumes, mainly remained in the cotyledon stage 
and had similar low shoot DM of less than 200 g/m2 (Figures 4.23 and 4.30). 
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Root growth 
Most of the nodules were found on fine roots of lucerne and Caucasian clover in this experiment 
(Figure 4.34). This agrees with previous reports that highlighted nodulation primarily occurs on fine 
roots of lucerne (Gault et al., 1995; Vaughan et al., 2002; Viands et al., 1982). Therefore selection for 
an increase in fibrous or lateral roots, and hence the number of sites for nodulation, is important to 
increase nodule mass (Humphries and Auricht, 2001). Fine root growth of both legumes were affected 
by low pH which induced the Al toxicity in the Lees Valley soil. In particular the growth of fine roots of 
legumes was affected by aluminium (Figure 4.37b), which was consistent with previous reports 
(Andrew et al., 1973; Brady et al., 1990; Cooper et al., 1983; Hecht-Buchholz et al., 1990; Kim et al., 
1985). Aluminium’s effect on fine root growth was more suppressing for lucerne than for Caucasian 
clover (Figures 4.37b and 4.38). However, this difference could not explain the different persistence of 
these two species when sown in the Lees Valley (Chapter 3). The soil acidity and high available Al 
content had severe effects on early growth stages of root expansion, establishment, and nodulation 
(Figures 4.4, 4.5, 4.37, and 4.38). These results agree with Foy (1984), Grewal and Williams (2003), and 
LeNoble et al. (1996). All root growth parameters were improved as the soil pH was elevated by lime 
application (Table 4.6, Figures 4.24, 4.26, 4.29, and 4.32). 
Lime rates and rhizobia inoculant increased the root growth by elevating the soil pH and providing 
nitrogen via BNF. The root volume and surface area of lucerne were more responsive to the interaction 
of rhizobia inoculant and the 2 t lime/ha application compared with total root length. This 
improvement in lucerne root expansion probably provided greater nutrient and water uptake to 
support plant growth. These results indicate the importance of successful nitrogen fixation via 
rhizobium-legume symbiosis to improve the production and persistence of legumes in a nitrogen-
deficient soil. However, in the low pH and high Al levels of the Lees Valley soil, the nodulation and 
nitrogen fixation of both legumes, especially for lucerne, were inefficient. Results showed poor 
nodulation in the Lees Valley soil pH of 5.4 in both inoculated and bare seed sown lucerne (Figure 
4.35). 
It can be concluded that the rhizobia survival and nodulation of lucerne and Caucasian clover, and the 
root growth, were highly affected by the low pH and high aluminium levels in the soil of the Lees Valley. 
Moreover, these negative effects were more severe for lucerne (and S. meliloti), than for Caucasian 
clover (and R. leguminosarum bv. Trifolii).  
4.4.2 Aluminium and pH changes of the Lees Valley soil  
The soil pH was affected strongly by lime addition (Figures 4.1 and 4.18). It is expected that the pH will 
increase by liming acid soils. Interestingly, the pH changes per unit of added lime was higher than 
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expected, compared with previous reports (Moir and Moot, 2010). The magnitude of pH change may 
be due to the equilibrium conditions in pot experiments compared with similar rates of surface lime 
application in field experiments. The levels of plant available aluminium were strongly related to the 
soil pH (Figure 4.20). Moreover, the magnitude of pH increase by lime (pH units/t lime) was related to 
the available Al in the soil. Adding 1.5 t lime/ha increased soil pH by 1 unit, from 5.0 to 6.0, which is a 
strong response. The magnitude of pH change was smaller above this point. These results agree with 
Sparks (2003), and Gardiner and Miller (2008) who described the relationship between soil pH and Al. 
This means the Al3+ content was an important source to acidify the Lees Valley soil solution.  
4.4.3 Phosphorus deficiency 
The soil of the Lees Valley was also phosphorus deficient (Tables 4.1, and 4.5). The root growth 
parameters of sown legumes were more responsive to applied P, than the shoot DM. The phosphorus 
effect on lucerne shoot DM was not significant in Pot Experiments 2 or 3. However, the root volume 
and root surface area of lucerne plants was increased significantly by adding 250 mg P/kg soil (Table 
4.6 and Figure 4.27). In Pot Experiment 3, the root DM of lucerne was affected by the three way 
interaction effect of lime, phosphorus and nitrogen treatments (Figure 4.25). The highest root DM was 
achieved by adding 2 t lime/ha + 250 mg P/kg soil + rhizobia inoculant. This was due to decreased levels 
of Al and the nitrogen provided by rhizobia, and also the beneficial effect of P on nitrogen fixation 
(Israel, 1987) by stimulating host plant growth (Robson et al., 1981). In contrast, the response to P 
rates by lucerne and Caucasian clover showed significant differences in terms of total shoot yield, root 
dry matter (Figure 4.12), and the number of nodules (Figure 4.13) in Pot Experiment 1. Lucerne DM 
was also higher than Caucasian clover with phosphorus rates over 60 mg P/kg soil (Figure 4.11). The 
interaction effect of species × P rates on total shoot yield indicated (Figure 4.11) higher production for 
lucerne than Caucasian clover in response to P rates. However, the yield response to lime was greater 
than phosphorus in the aluminium-saturated soil of the Lees Valley. This result agrees with Mugwira 
and Haque (1993) who showed that in acid soils with toxic aluminium levels, yield response to lime 
was greater than phosphorus and vice versa. There was no significant difference in total shoot yield of 
Caucasian clover in response to added P rates over 100 mg/kg soil (Figure 4.11). ). This could be due to 
a lower phosphorus requirements for Caucasian clover than lucerne.  
The availability of added phosphorus was directly affected by soil pH. At a soil pH of 5.4, Olsen P was 
36 mg/l and increased to 51 mg/l at pH of 5.5. This suggests that the added P was partially fixed by Al 
when the pH was 5.4. This result agrees with previous reports indicating most of the phosphate fixed 
was bound to Al in low pH soils (Haynes, 1982; Hsu, 1964; Saunders, 1965; Wells and Saunders, 1960; 
Williams, 1981). Adding P to the Lees Valley soil in PVC tubes (Figure 4.22) decreased 1.6 mg Al/kg soil 
(pH 5.4). When the soil pH was elevated to 5.5 the added 250 mg P/Kg soil decreased 1 mg of available 
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Al per kg soil compared with the no-P treatment. The application of half a tonne of lime with P, reduced 
Al to 1.8 mg/l (Figure 4.22), elevated the soil pH, and more P became available (51 mg/kg). This 
available P then started to be consumed by the increasing number of lucerne plants in P.V.C tubes as 
the soil pH elevated by lime rates. Therefore, the reduction of available phosphorus above soil pH of 
6.0 (Figure 4.21), could be due to a combination of higher soil pH effect that fixed P again (by forming 
calcium phosphate), and P uptake by plants. There was no effect of lime rates on P availability in the 
original soil where no P fertiliser was applied (Figure 4.21).   
4.4.4 Conclusion 
The combined results from these pot experiments suggest the main limiting factor for lucerne 
production and persistence in the Lees Valley was nitrogen deficiency. This constraint resulted from 
the inefficient nitrogen fixation of lucerne plants due to Al toxicity. The toxic levels of aluminium 
suppressed the root growth, and caused nodulation failure. The suppressed fine root growth of the 
sensitive lucerne limited nodule formation and nutrient uptake. In contrast, the nature of root 
architecture of Caucasian clover plants allowed them to expand their rhizomes in shallower depth (0-
100 mm) where the soil pH was elevated to 6.0 by lime application. The shallow and variable top-soil 
depth of the Lees Valley soil profile were also considered in Chapter 3. In contrast with the previous 
report (Moir and Moot, 2010), the shallow top soil at the Lees Valley site is not considered a critical 
issue in the rooting of lucerne plants. However, if this variable top-soil depth in the alluvial fan of the 
Lees Valley is correlated to variable soil pH and exchangeable Al, then this would affect nutrient 
availability and plant growth. From a practical perspective, if the soil can be amended by the addition 
of 2 t lime/ha, incorporated down to at least 30 cm, lucerne may be a viable option. However, if surface 
applied lime is the only option, Caucasian clover would be recommended ahead of lucerne.  
Results from these pot experiments need to be tested in the field. However, it was not possible to go 
back to the Lees Valley for another field experiment because the farm changed ownership. Therefore, 
two other experimental sites were selected to continue the research. The next two chapters will 
describe those field experiments.  
Results in pot experiment 3, showed both lucerne and Caucasian clover were negatively affected by Al 
levels higher than 3 mg/kg soil. To confirm these, a third species for high country regions was added 
to this project. Russell lupin has been shown to be suitable feed for sheep in high country of New 
Zealand (Section 2.3.3), and to be persistent in high Al low pH soils.  
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Chapter 5 
Constraints for legume production and persistence at Glenmore 
Station; aluminium toxicity or other agronomic challenges? 
5.1 Introduction  
The pot experiments in Chapter 4 showed that lucerne establishment could be improved with addition 
of lime to elevate the soil pH and reduce the Al content to safe levels. In that study, the lime application 
also improved nodulation of lucerne and Caucasian clover that were shown to be sensitive to Al levels 
above 1.5 mg/kg for lucerne, and 4 mg/kg for Caucasian clover (Section 4.3.3.5). Results from pot 
experiments need to be confirmed in the field. However, it was not possible to test those results in the 
field at the Lees Valley because the farm had changed ownership. Meanwhile, an opportunity came in 
2011 to start field experiments in another high country region in the Mackenzie Basin at Glenmore 
Station. Located on the western side of Lake Tekapo, Glenmore Station, which has been managed by 
the Murray family since 1918, was initially stocked with half-breed sheep and then since 1940 with 
merino sheep. The dryland pasture research group of Lincoln University was asked by the Merino NZ 
Company in 2011 to investigate establishment and production of perennial legumes, in this 
environment. The initial soil test results in 2011 confirmed toxic levels of aluminium and low pH, in 
different soil horizons including the top-soil. Therefore, this high country site provided a second 
environment for this PhD project.  
Preliminary experiments were established in November 2011. A full description of these has been 
reported (Moot et al., 2013). Briefly, all experiments sowed lucerne, Russell lupin (Lupinus polyphyllus 
L.) and Caucasian clover in a randomised split plot design with three replicates. Species were sown as 
main plots and, coulter type (Taege, Duncan, and Flexi) were the sub-plots, in each experiment. 
Experiment 1 (spring herbicide), was conducted after herbicide application in late October 2011. 
Experiment 2 (No herbicide) was conducted without any field preparation on the previously 
unimproved land which was dominated mainly by browntop. Without the removal of existing 
vegetation, results showed poor establishment and seedling survival, in Experiment 2 (no herbicide). 
In Experiment 1 (spring herbicide) seedling establishment was higher compared with Experiment 2. 
However, the resident species quickly re-established and dominated the site by autumn 2012. With 
regards to the coulter type, the Taege drill resulted in higher seedling establishment than the other 
two coulter types (Duncan and Flexi).  
With this background knowledge, two field experiments were established at Glenmore Station for this 
PhD project. Field Experiment A, was sown with lucerne, Russell lupin and Caucasian clover on 15th of 
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Figure 5.1 Glenmore Station experimental site on the western side of Lake Tekapo, Mackenzie 
Basin.   
The climate is semi-continental, with warm dry summers and cold winters. Long term mean (LTM) data 
for 1981 to 2010 at Glenmore Station were obtained from the National Climate Database 
(http://cliflo.niwa.co.nz/). The annual mean air temperature was 8.7 °C, and ranged from 15.2 °C in 
January to 1.4 °C in July. The annual mean soil temperature was 8.6 °C, and ranged from 14.9 °C in 
January to 1.6 °C in July (Table 5.1). Frosts are frequent in winter with annual mean of 154 days at Lake 
Tekapo (Scott, 1999) and snow falls several times each winter. The annual average rainfall (LTM) is 589 
mm, with considerable temporal variation. The rainfall ranged from 27 mm in March to 86 mm in May. 
Annual Penman potential evapotranspiration (PET) is 687 mm which generally exceeds rainfall from 
October to March resulting in a long-term maximum potential soil moisture deficit (PSMDmax) of 793 
mm (Table 5.1). Monthly means for air temperature during the study period followed the long term 
data (LTM) at Glenmore Station. 
Table 5.1 Monthly means for air and soil temperatures (10 cm below surface), rainfall, Penman 
evapotranspiration (PET), and potential soil moisture deficit (PSMD) from 1981 to 2010 
at Glenmore station. Data were obtained from the National Climate Database 
(http://cliflo.niwa.co.nz/). 
Month Air Temp. (°C) Soil Temp. (°C) Rainfall (mm) PET (mm) PSMD (mm) 
Jan 15.2 14.9 48 119 101 
Feb 14.8 14.7 41 84 107 
Mar 12.5 12.4 27 67 103 
Apr 9.2 9.2 47 34 95 
May 5.9 5.8 86 16 57 
Jun 2.6 2.8 58 7 33 
Jul 1.4 1.6 45 11 20 
Aug 3.5 3.0 49 21 17 
Sep 6.5 5.4 47 45 31 
Oct 8.8 8.1 52 73 48 
Nov 11.2 11.5 36 100 82 
Dec 13.2 13.8 53 110 99 
Annual  8.7 8.6 589 687 793 
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Table 5.2 The top-soil (0-75 mm) properties of acid high country soil samples from Glenmore 
Station, on the western side of Lake Tekapo, Mackenzie Basin. Soil corer (75 mm) 
sampling was done in November 2011 prior to the start of the field experiments at 
Glenmore Station.  
Soil properties Level found Optimum range for legumes 
pHwater 5.1 5.8-6.3 
Olsen Phosphorus (mg/L) 15 20-30 
Sulphate Sulphur (mg/kg) 23  7.0-15 
Potassium (me/100g) 0.54  0.5-0.7 
Calcium (me/100g) 2.8  6.0-12 
Magnesium (me/100g) 0.86  1.0-3.0 
Sodium (me/100g) 0.15  0.2-0.4 
CEC (me/100g) 15  12-25 
Total Base Saturation (%) 28.2 55-75 
Aluminium* (mg/kg) 8.9  0.0 
*CaCl2 extractable.  
Table 5.3 Soil pH and exchangeable Al from auger samples to different soil depth, at Glenmore 
Station on the western side of Lake Tekapo, Mackenzie Basin. Auger (0.2 m) sampling 
was done from 0-1 m, in November 2011 to the start of the field experiments.  
Sample depth (m) Soil pH Exchangeable Al* (mg/kg) 
0-0.2 4.9 7.4 
0.2-0.4 5.1 7.1 
0.4-0.6 5.1 8.9 
0.6-0.8 5.3 9.7 
0.8-1.0 5.3 8.0 
*CaCl2 extractable 
5.2.3 Site preparation 
A 120 X 90 m land area near Lake Murray at Glenmore Station, alongside the Godley peaks road, was 
selected as the experimental site in 2011. The site is 723 m a.s.l with about two meters variation, over 
the site area. The field preparation included an autumn herbicide application with glyphosate (10 L/ha, 
360 g a.i./L) in 2011, and surface lime application (3 and 5 t/ha) on 2nd of May 2011. Residual material 
was burnt off in October 2011. Then the second herbicide application was conducted with glyphosate 
(10 L/ha) in late October 2011. In March 2011, 500 kg/ha of Super 10 was applied. At sowing, 100 kg/ha 
of Crop 20 was applied with the drilled seed on 15th of November 2011. 
5.2.4 Field Experiment A 
5.2.4.1  Experimental design and treatments 
Field Experiment A was sown on 15th of November 2011, with three perennial legumes as a strip-plot 
design. Main plots (Rows), were two lime rates (3 or 5 t/ha of surface applied lime), and sup-plots were 
three legume species (Lucerne, Caucasian clover, and Russell lupin), with three replicates (Figure 5.3). 
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Caucasian clover cv. ’Endura’, lucerne cv. ‘Force 4’, and Russell lupin were sown at 8, 7 and 6 kg/ha 
respectively. 
Rep 1 Rep 2 Rep 3 
5 t lime/ha Rl Cc Lu Cc Rl Lu Cc Lu Rl 
3 t lime/ha Rl Cc Lu Cc Rl Lu Cc Lu Rl 
Figure 5.3 Plot layout for the Field Experiment A at Glenmore Station. The experiment was sown 
as a strip-plot, with two rates of lime as main factor (3 and 5 t/ha of surface lime applied 
on 2nd of May 2011). Lucerne (Lu), Caucasian clover (Cc), and Russell lupin (Rl) were sown 
on 15th of November 2011, as sup-plots with three replicates. 
5.2.4.2  Initial germination test for lucerne, Caucasian clover and Russell lupin  
Germination tests were conducted for lucerne, Russell lupin and Caucasian clover, prior to the start of 
the experiment. The germination percentage for lucerne and Caucasian clover seeds was 95% and 88%, 
respectively. In contrast, the germination percentage for Russell lupin was below 11%. This low 
germination was due to the high content of hard seed in the available seed lot. There were no other 
available seed lots, with higher germination percentage, at that time to use for this experiment. 
Therefore the acid scarification method (Tesfaye, 1989) was used to reduce the content of hard seeds 
and improve the germination of Russell lupin seeds.  
5.2.4.3  Russell lupin germination in response to acid scarification  
Two volumes of concentrated sulphuric acid (H2SO4 97%), to one volume of seed were used (Hartmann 
et al., 2002). Seed samples were placed in acid for 0 (control), 10, 20, 40, 60, 90, and 120 mins. Then 
the seed samples were washed in running tap water for 15 mins, and then rinsed with distilled water. 
After rinsing, the seeds were placed in Petri dishes. For each treatment, 25 Russell lupin seeds were 
placed on a moist germination paper in a Petri dish. There were four replicates. Dishes were inspected 
daily, the germinated seeds (Radicle length>2mm) were counted, and watered as required. The 
incubator temperature was set to 20°C. Seed was germinated for 10 days. The control seeds started to 
germinate from Day 4. The cumulative germination of the control seeds was 11% after 10 days. The 
germination percentage of lupin seeds, that had been soaked in acid for 10 to 120 minutes, was 
improved (P<0.001) to more than 90%. However, the cumulative germination in the 90 and 120 
minutes treatments after 10 days were 48% and 74%, respectively. The highest germination 
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5.2.5 Field Experiment B 
5.2.5.1  Experimental design and treatments 
Field Experiment B was sown on 11th of December 2012. The experiment was sown with six legume 
species and five rates of lime as a strip-plot design with three replicates (Figure 5.5). Main plots were 
six legume species (Lucerne, Caucasian clover, Russell lupin, white clover, balansa, and lotus, and sub 
plots were five rates of lime (0, 0.5, 1, 2, and 4 t/ha). Pelleted Aglime was applied at 0, 0.5, 1, 2, and 4 
t/ha on the 1st of May 2012. Germination tests (for seven days) were conducted for the six legume 
species prior to the start of Field Experiment B. The germination percentage was 95% for lucerne and 
white clover, 90% for Caucasian and balansa clovers, 85% for lotus and 55% for Russell lupin. Legume 
species sowing rates were 10 kg/ha for lucerne, 8 kg/ha for Caucasian clover, 5 kg/ha for balansa and 
lotus, 4 kg/ha for white clover. The low germination of Russell lupin (55%) was considered in sowing 
rate and set at 30 kg/ha, rather than using acid scarification. All seeds were inoculated with their 
specific commercial peat inoculant for each species, one day before sowing. Seeds were sown on 11th 
of December 2012 by a new Flexi-seeder designed for uneven surface drilling.  
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 Figure 5.5 Plot layout for the Field Experiment B at Glenmore Station. Main plots were six legume 
species (Lucerne, Caucasian clover, Russell lupin, white clover, balansa, and lotus), and 
sub plots were five rates of lime. Pelleted Aglime was applied at 0, 0.5, 1, 2, and 4 t/ha 
on the 1st of May 2012.  
The entire paddock including this experiment were grazed for 2 days in mid-June 2013 by 800 merino 
ewes. Quadrat cuts and botanical separation occurred on 3rd of December 2013 and 25 March 2014. 
Lucerne plots were also harvested for DM yield on 20th of October 2013 and on 31st of January 2014 
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followed by mowing to 5-10 cm to promote a 6-7 week regrowth cycle for the lucerne. The whole 
paddock (2 ha) was grazed by 1200 merino two-tooths from 6-9 of December 2013 for three and half 
days, and again by 200 ewes for 7 days at the end of March 2014.  
5.2.6 Measurements 
5.2.6.1  Soil pH and Al 
Field Experiment A- The first soil sampling was conducted in November 2011 prior to the start of field 
experiments (Section 5.2.3). The second soil sampling was in December 2012 by taking soil cores (10 X 
25 mm diameter cores) from each of the control, 3 and 5 t lime/ha plots. The soil samples were taken 
from 0-75 and 75-150 mm of soil horizons. Samples were then bulked on lime rate basis, but separately 
for each replicate. Soil sub-samples were sent to Hill laboratories for analysis. Auger soil samples were 
also taken from six control (0 lime) plots of Field Experiment A, at 0.2 m soil depth intervals to a 
maximum depth of 1.0 m. Soil samples were bulked on the horizon basis and sent for analysis.  
Field Experiment B- In December 2012, 60 soil cores (25mm diameter cores) per lime rate were taken 
from 0-75 and 75-150 mm of soil horizons. The soil samples were taken from 0-75 and 75-150 mm of 
soil horizons. Samples were then bulked on a lime rate basis, across replicates and sent for analysis.  
5.2.6.2  Plant density 
Field Experiment A- The number of seedlings was counted from two 1 m long drill rows in each plot 
on 6th of December 2011, 21 days after sowing for Field Experiment A  
Field Experiment B- The number of seedlings was counted on 21st of January and 7th of March 2013, 
42 and 88 days after sowing, respectively. 
5.2.6.3  Botanical composition 
Field Experiment A- the calibrated visual estimation technique (BOTANAL) was used for botanical 
composition assessment (Hargreaves and Kerr, 1978; Tothill et al., 1978) on 1st of March 2012 and 
again on 11th of December 2012. On 7th of February 2013, botanical composition was determined based 
on destructive harvests, calculated as percentage of total dry matter (Section 3.2.3.4). The percentage 
of bare ground was also estimated visually. 
Field Experiment B- Botanical composition was determined by destructive harvests three times over 
the growth period. For each measurement, two quadrat cuts (0.2 m2) were taken from each plot. Sub 
samples of at least 100 g fresh weight were sorted into grass, weeds and sown legumes before being 
dried to constant weight. All samples were dried in a forced air oven at 70 ⁰C for 48 hours. Contribution 
of each component (grass, weed, sown legume) was calculated as a percentage of total dry matter.  
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5.2.6.4  Dry matter yield 
Above ground dry matter (shoot) yield was measured prior to each grazing and in each regrowth cycle. 
Dry matter measurements were based on ‘pasture capacitance probe’ (JenQuip, Fielding) readings 
calibrated to DM cuts at each measurement. Calibration cuts involved 10 probe readings across a range 
of stand heights of 0.2 m2 quadrats before cutting at 1-2 cm above the ground. Pasture probe readings 
were regressed against harvests of 0.2 m2 quadrat cuts from 4-6 plots. 
5.2.6.5  Root growth and nodulation assessment  
Root growth and nodulation was assessed visually, for lucerne, Caucasian clover and Russell lupin in 
both experiments A and B over the experiment period. At each dry matter sampling date, 10 plants 
were excavated randomly from each plot. Number of nodules were counted and the percentage of 
nodulated plants recorded.  
5.2.7 Statistical analysis 
The accumulated yield (t DM/ha/year) for sown legumes was analysed as a strip-plot by analysis of 
variance (ANOVA) using repeated measurements tool of Genstat version 14 statistical software. Mean 
values were compared using Fisher’s protected LSD (5%).  
5.3 Results 
5.3.1 Field experiment A 
5.3.1.1  Soil pH, Olsen P and Al content  
Al variability over the experimental site 
The exchangeable Al and soil pH levels were measured from inside and outside the field experiments 
from December 2011 to March 2013. Exchangeable Al levels (mg/kg) were associated (Figure 5.6, R2= 
0.44) with soil pH. However, Al levels were highly variable over the experimental site, especially in the 
soil pH below 5.6. For example, the Al levels ranged from 3 mg/kg to 9 mg/kg in the soil pH of 5.3. Soil 
available Al was low within the soil pH range of 5.7 -6.1. Below this range of soil pH, Al levels increased 
sharply, up to 9 mg/kg. 
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Figure 5.6 The relationship between exchangeable Al (mg/kg) and soil pH at Glenmore Station 
experimental site. Soil pH and exchangeable Al data were obtained from measurements 
inside and outside the field experiments from December 2011 to March 2013.  
Soil pH, Al, and Olsen P Changes in the top-soil (0-75 mm) 
In December 2011, the top-soil pH (0-75 mm) was 5.1 in the control, and increased to 5.6 and 5.8 with 
3 and 5 t/ha of applied lime, respectively (Table 5.4). Conversely, the exchangeable Al was 8.9 mg/kg 
in the control and decreased to 3.0 mg/kg with the 3 t/ha of applied lime. Further reduction of 1.5 
mg/kg of Al was obtained by the 5 t/ha of applied lime compared with the 3 t/ha lime (Table 5.4). The 
Olsen P was increased from 15 mg/L in the control to 32 mg/L and 48 mg/L with the 3 and 5 t/ha of 
applied lime, respectively (Table 5.4). Similar results of top-soil pH and the Al content were observed 
in December 2012 (Table 5.4). The top-soil pH was increased (P<0.01) by lime application from 4.9 in 
the control to 5.4 and 5.5 with the 3 and 5 t/ha of lime applied. However there was no difference (LSD= 
0.27) between the 3 and 5 t lime/ha on soil pH. The Al content was 5.1 mg/kg and decreased to 2.6 
mg/kg and 2.1 mg/kg with the 3 and 5 t/ha of applied lime.  
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Table 5.4 The annual post-treatment soil test results (0-75 mm) for Field Experiment A. Lime rates 
(3 and 5 t/ha) were applied on 1st of May 2011. Results for the control (0 lime) were 
obtained from the preliminary experiments.  
 Dec 2011 Dec 2012 
Lime rate 
(t/ha) 
pH Olsen P 
(mg/L) 
Al* 
(mg/kg) 
pH Al* 
(mg/kg) 
0  5.1 15 8.9 4.9 5.1 
3  5.6 32 3.0 5.4 2.6 
5  5.8 48 1.5 5.5 2.1 
* CaCl2 extractable 
 
Soil pH, and Al content in 75-150 mm of soil depth 
The soil pH in 75-150 mm depth was 5.2-5.3 and unaffected (P= 0.28) by lime application. Similarly the 
exchangeable Al was unaffected (P= 0.72) by lime application. Large differences in the Al content were 
found over the three replicates, in Field Experiment A (Table 5.5). The soil pH was relatively constant 
(5.2-5.3). Therefore, Al content in 75-150 mm of soil depth was related to the soil variability over the 
experimental site, rather than the lime effect or soil pH in 75-150 mm of soil depth. For example, in 
the control plots (0 lime), the Al content ranged from 4.1 mg/kg to 6.2 mg/kg (Table 5.5).  
Table 5.5 The variability of exchangeable Al (mg/kg) over three replicates of Glenmore Station 
experimental site in Dec 2012. Lime rates (3 and 5 t/ha) were applied on 1st of May 2011. 
Results for the control (0 lime) were obtained from the preliminary experiments.  
Soil depth Replicate Lime rate (t/ha)* Soil pH Al (mg/kg) 
75-150 mm 1 0 5.3 4.9 
75-150 mm 2 0 5.3 6.2 
75-150 mm 3 0 5.3 4.1 
75-150 mm 1 3 5.2 4.8 
75-150 mm 2 3 5.3 4.5 
75-150 mm 3 3 5.1 8.4 
75-150 mm 1 5 5.3 3.9 
75-150 mm 2 5 5.2 4.7 
75-150 mm 3 5 5.2 6.1 
*Soil test results for the control (0 lime), was obtained from the preliminary experiments at Glenmore 
Station.   
 
5.3.1.2  Seedling population 
Seedling population per m2, differed (P<0.05) among the sown species, on 6/12/2011, 21 days after 
sowing (Appendix C. 1). Lucerne population was 181 seedlings/m2 (54% of seed sown), compared with 
111 seedlings/m2 (35% of seed sown) for Caucasian clover, and 9 seedlings/m2 (24% of seed sown) for 
Russell lupin. However, the establishment was variable within and between plots. The seedling 
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5.3.1.6  Nodulation assessment for lucerne, Russell lupin and Caucasian clover 
At the seedling phase, all the excavated lucerne, Caucasian clover and Russell lupin plants, from Field 
Experiment A, were nodulated 21 days after sowing. The mean number was 2.0 nodules per plant for 
lucerne and Caucasian clover, and 6 nodules per plant for Russell lupin. The nodule score, in contrast, 
differed (P<0.05) among the sown legumes, and ranged from 2.5 for Caucasian clover to 6.2 for Russell 
lupin. The nodule score for lucerne seedlings was 4.2, due to the larger nodules found (Figure 5.15a) 
compared with Caucasian clover and Russell lupin. The higher lime rate (5 t/ha) had no effect on the 
number of nodules per plant (P=0.69) or the nodule score (P=0.15). No nodules were found on the 
‘bare seed sown’ (without rhizobia inoculation) legume species outside Field Experiment A. 
The percentage of nodulated plants was affected (P<0.01) by the three way interaction of time, lime 
rates, and sown legume species. The interaction was due to differences of sown legume nodulation 
responses to lime rates over the growth period (Dec 2011 to March 2013). The percentage of 
nodulated plants for Russell lupin remained constantly over 85% over 15 months and did not differ 
between the 3 and 5 t/ha of surface applied lime (LSD5%= 16.3, Figure 5.15b). The percentage of 
nodulated plants for lucerne and Caucasian clover, in contrast, decreased (P<0.01) over time. Lucerne 
showed a rapid decline in the percentage of nodulated plants, from 100% to 30% over five months, in 
the 3 t/ha of applied lime. The rate of decrease in percentage of nodulated plants for Caucasian clover 
with the 3 t/ha of lime was comparable to lucerne in 5 t/ha of applied lime. The percentage of 
nodulated plants for Caucasian clover, however, remained over 80% over 12 months from sowing (Dec 
2011 to Dec 2012). In January-March 2013, no nodules were found on the excavated lucerne plants. 
For Caucasian clover, in contrast, 30% of the excavated plants were nodulated, compared with 85% of 
nodulated Russell lupin plants at the final nodulation assessment in March 2013 (Figure 5.15b). 
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5.3.2 Field Experiment B 
5.3.2.1  Soil pH, Al content, and Olsen P in response to lime application 
The soil pH was unaffected by lime rates, except in the surface (0-75 mm) when 4 t/ha of lime applied. 
The 4 t/ha of lime application increased the soil pH from 5.2 to 5.7 (Figure 5.16). The soil pH was 
unaffected by lime rates in 75-150 mm depth, and remained at 5.1. The Al content followed similar 
patterns in 0-75 mm and 75-150 mm of the soil depth. The Al levels were highly variable in similar pH 
of the soil especially in 0 to 2 t/ha of applied lime plots, regardless of the applied lime rates. However, 
the Al content was decreased to 1.5 mg/kg in the 0-75 mm of soil depth, by the 4 t lime/ha application 
(Figure 5.16). 
Figure 5.16 Soil pH and exchangeable Al (mg/kg) in response to lime application in Field Experiment 
B. Lime rates (0, 0.5,1,2 and 4 T Lime/ha) were applied on 02/05/2012. Soil samples 
were taken (0-75 mm and 75-150 mm of soil depth) by 2.5 cm diameter corers in 
December 2012.  
The availability of phosphorus (mg/L) in 0-75 mm of soil depth, was affected (P<0.01) by lime rates. 
Soil test results of different lime rates showed that the Olsen P levels were associated (Figure 5.20, R2= 
0.69) with lime rates. An Olsen P of 14 mg/L was measured in the control and this increased to 20 mg/L 
with 1.0 t/ha of surface applied lime, and up to a maximum of 24 mg/L with the 2 t/ha of applied lime 
(Figure 5.17). P level was slightly decreased (4 mg/L) with the 4 t/ha of applied lime. 
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Figure 5.20 Lucerne seedling growth 7th of March 2013, 86 days after sowing on11th of December 
2012 in Field Experiment B at Glenmore Station. Lime rates (0, 0.5,1,2 and 4 T Lime/ha) 
were applied on 02/05/2012 (a to d: lime rates 0, 1, 2, and 4 t/ha). Numbers 1-4 are plot 
numbers. 
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Figure 5.21 Tap root of Caucasian clover in plot 40 with the 4 t/ha of surface applied lime, in Field 
Experiment B on 18th of April 2013, 127 days after sowing on11th of December 2012 at 
Glenmore Station. Lime rates (0, 0.5,1,2 and 4 T Lime/ha) were applied on 02/05/2012. 
5.3.2.4 Nodulation assessment for lucerne, Caucasian clover and Russell lupin 
The percentage of nodulated plants differed (P<0.01) amongst sown legume species, 86 days after 
sowing. Russell lupin had 94% nodulated plants which was higher than Caucasian clover (67%) and 
lucerne (49%). The percentage of nodulated plants for sown legumes was also affected (P<0.01) by 
lime treatment, and increased from 59% in the control (0 lime), to 84% in the 4 t/ha of applied lime 
(Figure 5.22a). However, Russell lupin showed a relatively constant percentage of 90-96% of nodulated 
plants compared with lucerne and Caucasian clover (Figure 5.22a).  
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5.3.2.7  Botanical composition 
March 2013 
The sown legume proportion of the botanical composition was affected (P<0.05) by the interaction of 
legume X lime in March 2013 three months after sowing. The proportion of balansa and white clover 
increased (P<0.05) with lime application. Balansa, increased from 27% in the control to 76% with the 
4 t/ha of applied lime (Figure 5.26). Similarly, white clover increased from 21% in the control to 50% 
(% of TDM) with the 4 t/ha of applied lime. In contrast, the other sown legumes proportion of the 
botanical composition was unaffected by the lime rates (Figure 5.26).  
Figure 5.26 Sown legume component of the botanical composition (% of total dry matter) on 7th of 
March 2013, three months after sowing at Glenmore Station. Field Experiment B was 
sown with six legume species in December 2012. Error bar indicates the standard error 
of the mean for percentage of the sown legumes component (SEM= 9.4, LSD5%= 27). 
The unsown species consisted mainly of Kentucky bluegrass, fathen, sweet vernal, browntop, 
haresfoot, and sorrel in decreasing order of occurrence. The unsown (other) species of the botanical 
composition was also affected (P<0.05) by the interaction of legume X lime in March 2013, three 
months after sowing. The unsown species component had the highest proportion of total dry matter 
(60% of TDM) in the control (no lime) plots of Caucasian and white clover (Figure 5.27). Lime rates 
decreased the proportion of unsown species from 60% in the control (No lime), to 30% with 0.5 t/ha 
of applied lime (Figure 5.27), in the white clover plots due to the growth response of white clover to 
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lime application (Figure 5.27). In the Caucasian clover plots, the 0.5 t/ha of applied lime decreased the 
proportion of the unsown species from 65% to 30%. This was due to a higher proportion of Caucasian 
clover in the 0.5 t/ha of applied lime compared with the control (Figure 5.27). Therefore, Caucasian 
clover had an advantage in competition with unsown species in the 0.5 t/ha of applied lime plots. 
However, the proportion of unsown species increased again from 30% to 50% of TDM, as the lime rates 
increased from 0.5 t/ha to 4 t/ha (Figure 5.27). The proportion of unsown species was unaffected by 
lime rates in the Russell lupin, lotus and balansa clover plots (Figure 5.31, LSD5%= 17).  
 
Figure 5.27 The other species component of the botanical composition (% of total dry matter) on 
7th of March 2013, three months after sowing at Glenmore Station. Field Experiment B 
was sown with six legume species in December 2012. Error bar indicates the standard 
error of the mean for percentage of the unsown legumes (% of TDM), SEM= 6, LSD5%= 
17. 
The proportions of sown legumes, and other species differed (P<0.001) amongst the sown legume 
species (Figure 5.28). Russell lupin had the highest (P<0.001) proportion of the botanical composition 
amongst the sown legumes as 87% of the total DM in lupin plots was attributed to this plant. It was 
the most dominant (P<0.001) of the sown legumes with only 6% of bare-ground, and 5% of other 
species (% of TDM). Caucasian clover plots had the lowest (P<0.001) sown legume proportion of the 
botanical composition with only 20% of the total DM (Figure 5.28). Lucerne, lotus and balansa had 50-
60% of sown legume proportion of the botanical composition. Bare-ground percentage also differed 
 110 


5.4 Discussion 
Results from Field Experiments A and B indicated that the production and persistence of sown legumes 
were dependent on their ability to cover the plots and close the canopy, and as a consequence, to 
maximize the light interception when the temperature is optimum for growth in spring and summer. 
The higher plant density and longevity of individual plants was therefore crucial to achieve high dry 
matter yield and competitive ability with resident vegetation at Glenmore Station site. Environmental 
factors however, negatively affected sown legume establishment. These constraints are now discussed 
in detail. 
5.4.1 Constraints for plant establishment, and mitigation strategies. 
Previous studies at Glenmore Station (Moot et al., 2013), showed poor seedling survival of the sown 
legumes (lucerne, Russell lupin) without the removal of resident vegetation. To address this, a “double 
spray” technique was applied (Moot and Pollock, 2014), in Field Experiments A and B, which included 
a glyphosate application in autumn, followed by a burn. Then the second glyphosate spray was applied 
the following spring before sowing (Section 5.2.3). This method reduced the competition from 
dominating resident browntop and Kentucky bluegrass by the end of the summer at the site. However, 
the sown legume yields were confounded by low plant density, and as a consequence, failure to close 
the canopy in Field Experiment A. Bare ground ranged from 40-50% over the plots, 42 days after sowing 
in Field Experiment A (March 2012, Figure 5.8). This bare ground provided considerable space for 
resident vegetation, to re-invade plots the next spring (December 2012-Figure 5.9) and summer 
(February 2013, Figure 5.12). This low plant density could be due to several reasons. For example, drills’ 
variability in depth of penetration and seed placement of the drill, resulted from soil firmness and the 
variable depth of an organic thatch layer across the site. Additionally, plant distribution was uneven 
with frequent gaps of more than 0.5 m within drill rows. These gaps could have resulted from irregular 
seed placement by the Taege drill which is not designed to deliver small seeds. Therefore, it was 
difficult to control the quantity of lucerne and Caucasian clover seed flow. To address this issue a new 
Flexi-seeder designed by John Stevens (Flexiseeder Ltd.), with a special seed box for even seed flow 
plus a winged coulter to scratch and tear off the thatch layer was used. As a consequence, seed 
deliverance was improved in Field Experiment B. However, gaps within drill rows in some plots 
indicated this new Flexi-seeder needs further upgrading.  
For Russell lupin, the high proportion of bare ground in Field Experiment A was also due to low 
emergence rate. Emergence was only 24% of seed sown 21 days after sowing in Field Experiment A, 
despite the germination rate being improved with acid scarification (Section 5.2.4.3). Low germination 
rate (11%) of Russell lupin seed was a challenge prior to the start of Field Experiment A. This issue was 
addressed by sulphuric acid scarification. The germination percentage of lupin seeds, that had been 
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soaked in acid for 10 to 120 minutes, was improved (P<0.001) from 11% in the control to more than 
90% (Figure 5.4). Results agreed with those reported by Tesfaye (1989). However, it is neither 
economically nor environmentally applicable for farmers to scarify their seeds in large quantities with 
acid. Mechanical scarification is, instead, reported to be a more practical and viable method to gain a 
field emergence of 80% for lupin (Wangdi et al., 1990). Russell lupin seed is not easily available for 
farmers in New Zealand from commercial companies. Therefore the high price of relatively large 
Russell lupin seed may encourage farmers to adopt a prolonged establishment phase where low rates 
(2-5 kg/ha) of lupin seeds are sown with initial establishment management to set seed the following 
season and increase the plant density (Scott et al., 1995). However, in Field Experiment A, Russell lupin 
dry matter yield was very low (Figures 5.13 and 5.14) in both years (0.8 and 1.1 t DM/ha, in Year 1 and 
2, respectively) and only a few seedlings emerged in the second year. Higher sowing rates were used 
in Field Experiment B to deliver about 100 seeds/m2 (germination rate=55%), to overcome this low 
plant population issue (Section 5.2.5.1). A recent field experiment by Moot and Pollock (2014), at 
Glenmore Station suggested 8 kg seed/ha of sowing rate for rapid ground cover and successful 
establishment of Russell lupin.  
5.4.2 Soil pH, Al content and Olsen P.  
Soil pH in the 0-75 mm soil horizon was affected by the 3 and 5 t lime/ha applied in Field Experiment 
A (Table 5.4). This result was constant with those reported by Wheeler and Edmeades (1995), Moir 
and Moot (2014), Moir and Moot (2014) and results reported in Chapter 4 (Section 4.4.2). Previous 
results from the Lees Valley site (Chapter 3) indicated lime rates above 6 t/ha, and several years after 
liming are needed to change the low soil pH (<5.0) and related exchangeable Al (when Al is above 7 
mg/kg soil) to safe levels at depth to improve the growth of Al-sensitive species like lucerne. Moir and 
Moot (2014) also reported comparable responses to lime application at the Lees Valley site. Similarly, 
in Field Experiment B the soil pH was only affected in the 0-75 mm of soil depth when 4 t/ha of lime 
was applied (Figure 5.16). However this rate of lime application is not economic for high country 
regions in New Zealand. In addition, there was no effect of lime on soil pH in the deeper soil horizon 
(75-150 mm) within the two years of the field experiments. Alternative legume species, Lotus and 
Russell lupin species were tested at Glenmore Station as Al tolerant legumes (Davis, 1981a; Davis, 
1981b; Scott et al., 1995).  
The measured exchangeable Al levels were highly variable over the experimental site (Table 5.5). The 
low coefficient of determination (R2=0.44, Figure 5.6) indicated the variability of Al response to the soil 
pH changes. The current Al extraction methods may not be accurate to measure exchangeable Al levels 
due to variable forms of Al with different proportions in similar soil pH. The proportion of different Al 
compounds in relation to soil pH has been described by Sparks (2003), and Gardiner and Miller (2008). 
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They indicated the magnitude of the pH decrease depends on the Al concentrations in the solution. 
However, other physico-chemical properties of soil might affect these proportions. Moir and Moot 
(2014), studied exchangeable Al levels in relation to soil pH on three high country sites in New Zealand. 
They reported variable relationship between soil exchangeable Al and soil pH, indicating that 
relationships appear to be soil or site specific. The soil pH was relatively constant (5.2-5.3) in 75-150 
mm of soil depth, so Al content was related to the soil variability over the experimental site (Table 5.5), 
rather than the lime effect or soil pH in the 75-150 mm of soil depth. This could be due to the variability 
of parent material even in small distances. Further research is required to explain the key factors 
driving variability in soil exchangeable Al levels. 
P availability was increased by lime application in the 0-75 mm of soil depth of both Field Experiment 
A and B. Despite not applying any phosphorus to the soil, Olsen P doubled from 15 mg/L in the control 
to 32 mg/L by the 3 t/ha of surface applied lime, after eight months from surface application (Table 
5.4). Similarly, Olsen P increased from 13 mg/L in the control to 24 mg/L with the 2 t lime/ha application 
(Figure 5.17). This result confirms those reported in Pot Experiment 3 (Chapter 4) and suggests the 
phosphorus that had bounded to Al was released and became more available when the soil pH was 
increased. As a consequence the exchangeable Al level was decreased by lime application. This result 
agrees with previous reports indicating most of the phosphate fixed, is bound to Al in low pH soils 
(Haynes, 1982; Hsu, 1964; Saunders, 1965; Wells and Saunders, 1960; Williams, 1981).  
5.4.3 Ecological aspects, botanical composition and dry matter yield 
5.4.3.1 Field Experiment A 
Poor establishment and persistence in competition with other resident species was observed in Field 
Experiment A. This was mainly due to the low plant density of sown legumes (Section 5.3.1.4). As a 
consequence, the presence of vigorous rhizomatous grasses, browntop and Kentucky blue grass 
suppressed sown legumes. The botanical composition of these grass species was more than 30% of 
total dry matter, especially in the Caucasian clover and Russell lupin plots (Figure 5.9). However, 
contribution to the botanical composition was higher for lucerne and Caucasian clover (P<0.05) 
compared with Russell lupin (Figures 5.8 and 5.9). Caucasian clover was slow to establish but had the 
highest yield (2.7 t DM/ha) compared with lucerne and Russell lupin (Figure 5.14).  
5.4.3.2 Field Experiment B 
Despite a slight increase in plant height of Russell lupin at seedling stage with the 0.5 t/ha of applied 
lime, the plant height of Russell lupin and Caucasian clover remained unaffected (P= 0.12) by lime rates 
(Figure 5.23a). This result indicates higher tolerance of Russell lupin and Caucasian clover compared 
with lucerne. However the soil pH (in 0-75 mm depth), was only affected by the 4 t/ha of applied lime, 
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not at lower lime rates (Figure 5.16), and as a consequence, affected the lucerne plant height only in 
the applied lime rates above 2 t/ha (Figure 5.23b).   
Lupin plant height was about 1.0 m, which stood 0.7 m higher than Caucasian clover and 0.3 m higher 
than lucerne, 113 days after sowing (Figure 5.24). This advantage combined with the high area 
coverage of individual plants, gave an ability to Russell lupin to compete successfully with resident 
species. Botanical composition studies of Field Experiment B indicated Russell lupin was the only sown 
legume capable of suppressing grass species, broadleaf weeds and resident white clover. In Contrast, 
the resident species had the highest proportion of total dry matter (60% of TDM) in the control (no 
lime) plots of Caucasian and white clover (Figure 5.27). This was due to the more competitive ability 
of taller resident species compared with short Caucasian and white clover plants.   
Russell lupin component of botanical composition was slightly higher in the 5 t lime/ha compared with 
the 3 t/ha of applied lime, in December 2012 and February 2013 (Figures 5.9, 5.10, and 5.12). TDM in 
Year 2 was therefore higher. However, further studies of Field Experiment B showed no response of 
lime in TDM of Russell lupin. Moot and Pollock (2014), also reported no effect of the 3 t lime/ha on 
Russell lupin dry matter yield at Glenmore Station.  
White clover yield was low due to Al sensitivity of this species (Caradus et al., 2001). However, was 
present more or less in the white clover sown plots and also all over the experimental site as volunteer 
species. In New Zealand, Caucasian clover also has shown greater tolerance than white clover to 
elevated soil Al levels in tussock grassland sites (Caradus et al., 2001), well adapted in hill and high 
country environments (Woodman et al., 1992). Scott (1998), evaluated the performance of Caucasian 
clover over 16 years in a high country environment (Mt. John trial, Lake Tekapo) under a range of 
fertiliser inputs and grazing managements in combination with 25 other pasture legumes and grasses. 
His results indicated slow establishment of Caucasian clover, but reportedly it increased to become 
the dominant and the most persistent species after a decade of his field experiment. 
Balansa and white clover components of the botanical composition (% of TDM) responded to lime 
application three months after sowing in the Field Experiment B. This indicates at seedling phase both 
species establishment were suppressed by high Al content in low soil pH of Glenmore Station. Further 
studies needed to evaluate the Al tolerance of balansa clover. Lotus (L. pedunculatus) was included in 
this field experiment according to previous reports showing tolerance to Al and higher growth than 
clover species (Nordmeyer and Davis, 1978). In Year 2 balansa and lotus had the lowest accumulated 
dry matter yield (1.0 and 2.2 t/ha, respectively) compared with the other sown legumes. However, 
balansa managed to survive and complete their life cycle and set seed. Therefore earlier sowing of 
balansa in spring at Glenmore Station is recommended to give enough growth time to set seed and 
help regeneration of this plant.  
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The proportions of sown legumes, and other species differed (P<0.001) amongst the sown legume 
species (Figure 5.28). Russell lupin had the highest (P<0.001) proportion of the botanical composition 
amongst the sown legumes as 87% of the total DM in lupin plots was attributed to this plant. It was 
the most dominant (P<0.001) of the sown legumes with only 6% of bare-ground, and 5% of other 
species (% of TDM). Caucasian clover plots had the lowest (P<0.001) sown legume proportion of the 
botanical composition with only 20% of the total DM (Figure 5.29). Results (plant height difference, 
relatively Al tolerance, and nodulation/root growth of Russell lupin and Caucasian clover) suggested 
Russell lupin and Caucasian clover can be used as a mixture option for Glenmore Station area and other 
similar hostile environment.   
5.4.4 Root growth and nodulation 
Caucasian clover survived in this soil with a tap root down to 250 mm. In contrast, lupin and lucerne 
had abnormal horizontal roots due to high Al content of Glenmore Station site. Similar symptoms were 
observed at the Lees Valley site (Chapter 3). Results of chapter 4 showed the relationship between Al 
content, growth of fine root and number of nodules for lucerne and Caucasian clover.  
The number of nodules per plant, was not different (P=0.07) among the sown legume species (Section 
5.3.1.6). The nodule score, in contrast, differed (P<0.05) among the sown legumes (2.5 for Caucasian 
clover, 4.2 for lucerne, 6.2 for Russell lupin). This was mainly due to the larger size of the nodules 
(Figure 5.15a). An inverse relationship between nodule number and nodule size has been reported in 
many legumes (Crush and Caradus, 1996). This result suggests higher N fixation efficiency of lucerne 
with fewer but larger average size nodules in these high country environments, compared with more 
but smaller nodules in size. Larger nodules indicate the higher flow of carbohydrates from plant shoots 
to the nodule according to higher nitrogen fixation capacity of that nodule (Denison, 2000). This means 
one legume can have less nodules but higher rates of nitrogen fixation, than a legume with more but 
smaller nodules. Crush and Caradus (1996) showed higher nitrogen fixation, and shoot dry matter in 
the low nodule number lines compared with high nodule number lines of white clover.  
The percentage of nodulated plants for Russell lupin remained constantly over 85% over 15 months 
and did not differ between the 3 and 5 t/ha of surface applied lime (LSD5%= 16.3, Figure 5.14). The 
percentage of nodulated plants for lucerne and Caucasian clover, in contrast, decreased (P<0.01) over 
time. Lucerne showed a rapid decline in the percentage of nodulated plants, from 100% to 30% over 
five months, in the 3 t/ha of applied lime (Section 5.3.1.6). This results are comparable with the pot 
experiments in Chapter 4 that indicated rapid reduction of lucerne and Caucasian clover nodules in 
high Al levels. In addition, the position of nodules were different amongst these three legume species. 
Lupin nodules were more located on the main root branches despite the abnormal root growth. In 
contrast most of the nodules for Caucasian clover were located on the base of the plant close to the 
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soil surface, where the surface lime application can be effective to elevate the soil pH and reduce the 
Al content.  
5.5 Conclusion 
From an agro-ecology perspective Russell lupin was the most dominant and persistent amongst sown 
legumes at Glenmore Station experimental site. Combined results from Field Experiments A and B 
suggests this species can persist in the acidic high Al level of soil without any lime application needed. 
Lucerne yield was low due to plant mortality and poor nodulation in this high Al soil. 
Caucasian clover was slow to establish and two years of field experiments was insufficient to evaluate 
its potential. However it was the second highest yielding species after Russell lupin in Field Experiment 
B, in Year 2. This indicates the potential of these two species to be sown together at Glenmore station 
and in similar soil conditions.   
White and balansa clovers were sensitive to Al toxicity and showed the need for lime to grow. Lotus 
(L. pedunculatus) yield was low and could not thrive at Glenmore station. Therefore, these three 
species are not recommended for these high Al soils due to the low persistence.  
Results from a six year field experiment at the Lees Valley (Chapter 3) however, indicated that the 
evaluation of persistence amongst legume species in high Al soils, needs mid and log-term field 
experiments. Therefore the short term (two years) field experiments at Glenmore station was 
insufficient to fully understand and evaluate the persistence of the sown legumes. 
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Chapter 6 
Legume production in response to lime and rhizobia inoculant over 
two years at Ashley Dene 
 
6.1 Introduction 
In previous chapters, the production and persistence of lucerne, Caucasian clover and Russell lupin 
were examined in a series of field and pot experiments. In those chapters, high aluminium levels in the 
acid high country soil was a major growth limit for lucerne and Caucasian clover. Results from Pot 
Experiment 3 suggested that the main limitation to lucerne survival and growth was nodulation failure 
due to Al toxicity (Chapter 4). The pot experiments in Chapter 4 showed that lucerne establishment 
could be improved with addition of lime and rhizobia inoculant. However, we were unable to test these 
results in the field at the Lees Valley because the farm changed ownership. Instead, two field 
experiments were conducted at Glenmore Station (Chapter 5), and one at Ashley Dene. At Glenmore 
Station, Russell lupin was successfully established into resident vegetation and yielded over 10 t DM/ha 
in the second growing season.   
This chapter evaluates the dryland production and nodulation of lucerne, Caucasian clover, and Russell 
lupin at Ashley Dene in the Canterbury plains, and contrasts results with those from high country, and 
pot experiments. The experimental site at Ashley Dene provided a low pH soil, similar to high country 
experimental sites (The Lees Valley and Glenmore Station), but with only marginal Al toxicity that is 
potentially the sort of site that low inputs of lime and successful nitrogen fixation may be able to 
remediate in an extensive commercial situation. Thus this chapter seeks to determine whether lime 
and inoculant can be used successfully in a practical sense to ameliorate the effects of low pH at 
moderate Al levels. The nitrogen fixation of inoculated lucerne was quantified by 15N natural 
abundance method to evaluate reliance of lucerne plants to nitrogen fixation in this environment.  
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6.2 Materials and Methods  
6.2.1 Site Location and description 
The experimental site was located at Ashley Dene (Canterbury plains 43˚, 39ʹ, 15ʺ S, and 172˚, 19ʹ, 31ʺ 
E, 30 m.a.s.l), Lincoln University’s dryland research farm which is about 10 km west of Lincoln, 
Canterbury. The paddock H2 was selected at Ashley Dene, which historically had no background of 
lucerne cultivation in the past 40 years.  
6.2.1.1  Soil properties 
The soil at Ashley Dene, paddock H2 is a Lismore silt loam (Typic Dystrustept USDA Soil Taxonomy), 
classified as Typic Orthic Gley soil in the New Zealand Soil Classification (Cox, 1978; Webb, 2003). 
Twenty soil samples per soil depth were taken randomly, to 75, 150, and 300 mm in Sep 2011 prior to 
the start of the field experiment. The samples were then bulked and subsamples sent to Hill 
Laboratories for analysis. The soil pH was low (5.2) in the surface layer (0-75mm), but slightly increased 
to 5.4 at 75-150 mm of depth, and then to 5.5 in 150-300 mm of soil depth. The aluminium content, in 
contrast, was lower in deeper layers of the soil. The Al content decreased from 4.2 in 0-75 mm of soil 
depth to 3.3 at 150-300 mm of the soil depth (Table 6.1). The Olsen P was 34 mg/L at 0-75 mm of depth 
which reflects the previous adequate fertiliser history. Anaerobic mineralisable N was 126 kg/ha prior 
to the start of the experiment in September 2011. 
Table 6.1 Soil properties of the paddock H2 at Ashley Dene, Canterbury. Soil corer sampling from 
different depths occurred in Sep 2011, prior to the start of the field experiment.   
Soil properties Soil depth (mm) Optimum level** 
 0-75 75-150 150-300  
pHwater 5.2 5.4 5.5 5.8-6.3 
Olsen Phosphorus (mg/L) 34  30 11 20-30 
Sulphate sulphur (mg/kg) 19  8 4 7-15 
Potassium (me/100g) 0.2  0.3 0.3 0.5-0.7 
Calcium (me/100g) 7.8  6.9 5.9 6.0-12.0 
Magnesium (me/100g) 1.4  1.3 1.1 1.0-3.0 
Sodium (me/100g) 0.2  0.2 0.3 0.2-0.4 
CEC (me/100g) 18  18 14 12-25 
Total Base Saturation (%) 53 50 53 55-75 
Aluminium*(mg/kg) 4.2  3.3 3.3 0.0 
*CaCl2 extractable. **Optimum range for legumes.  
6.2.1.2  Meteorological conditions 
Rainfall (mm), air temperature (°C), Penman potential evapotranspiration (PET), and potential soil 
moisture deficit (PSMD) were recorded at Broadfields Meteorological Station (NIWA, National Institute 
of Water and Atmosphere Research, New Zealand), from the 1st of July 2011 to 30 July 2013. 
Measurements were recorded hourly and calculated to daily means (Table 6.2).  
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Table 6.2 Monthly rainfall (mm), and Penman potential evapotranspiration (PET) for Ashley Dene 
from the 1st of July 2011 to 30 July 2013 in Canterbury, New Zealand. Data were recorded 
at Broadfields Meteorological Station (NIWA, National Institute of Water and 
Atmosphere Research, New Zealand, http://cliflo.niwa.co.nz/). 
Year Month Tmax (°C) Tmin (°C) Tmean (°C) Rainfall (mm) PET (mm) 
2011 Jul 11.4 0.9 6.2 15.8 27.5 
Aug 12.8 1.5 7.2 66.2 33.9 
Sep 14.8 3.5 9.2 25.7 57.8 
Oct 15.6 7.0 11.3 105 80.1 
Nov 18.7 7.7 13.2 54.3 121 
Dec 20 11 15.5 74.1 123 
2012 Jan 21.6 10.2 15.9 36.2 134 
Feb 19.8 11.3 15.6 74.0 90.2 
Mar 18.9 8.2 13.6 37.0 77.6 
Apr 18.5 6.5 12.5 34.1 47.3 
May 14.4 3.8 9.1 8.4 28.5 
Jun 10.6 1.0 5.8 61.5 19.5 
Jul 11.8 1.6 6.7 48.0 18.9 
Aug 12.5 5.2 8.9 110 30.0 
Sep 15.5 5.0 10.3 26.5 67.0 
Oct 17.1 5.8 11.5 74.4 96.3 
Nov 16.8 6.7 11.8 60.5 105 
Dec 22.4 11.3 16.9 34.3 146 
2013 Jan 23.9 11.3 17.6 39.6 165 
Feb 22.4 10.9 16.7 22.8 119 
Mar 21.5 11.0 16.3 36.3 81.5 
Apr 17.4 7.8 12.6 63.6 42.7 
May 14.0 5.2 9.6 95.2 26.6 
Jun 10.8 2.6 6.7 222 13.6 
Jul 13.5 2.8 8.2 38.0 23.0 
Long-term mean (LTM) data for 1960 to 2012 are presented in Table 6.3. Canterbury’s climate is cool 
and temperate with an annual mean temperature of 11.5 °C, ranging from 16.7 °C in January to 6.0 °C 
in July. Long-term annual average rainfall is 633 mm which is evenly spread throughout the year. 
Annual Penman potential evapotranspiration (PET) is 1094 mm which generally exceeds rainfall from 
September to April (Table 6.3).   
The rainfall for the period of 1st of July to end of Dec 2011 was 341 mm which followed the long term 
means. The exception was for Oct 2011 with 105 mm rainfall compared with 48 mm of the long term 
mean rainfall for October. The annual rainfall for 2012 was 604 mm which was 30 mm lower than the 
long term annual rainfall. The total rainfall from the 1st of Jan to the end of June 2013 was 479 mm 
with 220 mm of rainfall in June 2013. The long term rainfall for this period (1st of Jan to the end of June) 
was 314 mm. 
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6.2.2 Agronomic management 
6.2.2.1  Experimental design and statistical analysis 
The field experiment at Ashley Dene was sown with three perennial legumes as a split-split plot within 
a randomised complete block (RCB) design. The experiment covered an area of 0.23 ha (48.8X48 m). 
The main plots were ±rhizobia. The sub-plots were lime rates at 0, 1, or 2 t/ha of surface lime 
application. The sub-sub-plots (2.1X10 m) were the three legume species (Lucerne, Russell lupin, and 
Caucasian clover), replicated three times (Figure 6.3).   
The growth parameters (shoot DM, root DM, plant height, number of nodules, and nodule score) 
response of the sown legume species to rhizobia inoculant, and lime rates were statistically analysed 
by split-split plot ANOVA using Genstat 14 software. The mean values were compared using Fisher’s 
protected LSD (5%).  
6.2.2.2  Germination test 
Germination rates prior to the start of the experiment were 92% for lucerne, 85% for Caucasian clover, 
and 46% for Russell lupin. The low germination rate for Russell lupin was due to physical dormancy of 
the hard seed coat.  
6.2.2.3  Rhizobia inoculation 
Commercial peat-based inoculants, S. meliloti strain RRI128 for lucerne, Rhizobium leguminosarum bv. 
Trifolii strain ICC 148 for Caucasian clover, and Group G Bradyrhizobium strain WU 425 for Russell lupin, 
were used to inoculate lucerne and Caucasian clover seeds six hours before sowing on 8th of November 
2011.  
6.2.2.4  Site preparation and sowing 
Buster® herbicide at 5 L/ha (200 g a.i./L glufosinate ammonium) was applied on 21 September 2011 
and again on 5 October 2011. The plots were then sprayed with Roundup Transorb® (250 g a.i./L) at 
2.0 L/ha on 18 October 2011. Lime (standard AgLime) was surface applied at 0, 1 or 2 t/ha on 4 
November 2011, four days before sowing. (Figure 6.2). The experiment was sown on, 8 November 
2011 followed by Cambridge rolling. Plots were also heavy rolled with a Flexi-seeder roller one day 
after sowing. The sowing rates were 10, 8, and 11 kg/ha (based on bare seed weight) for lucerne‘Force 
4’, ‘Endura’ Caucasian clover and ‘Snow Loxton’ supplied Russell lupin from Sawdon station, 
respectively. Low germination rate of lupin (Section 6.2.2.2), was considered and higher sowing rate 
was applied to address this.  
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 Figure 6.2 Surface lime application on 4/11/2011 at Ashley Dene. Lime rates were applied four 
days before sowing, at three rates (0, 1, or 2 t/ha).  
 
6.2.3 Measurements 
6.2.3.1  Emergence and seedling population 
The emergence for the sown legumes was counted when both cotyledons were visible and unfolded. 
The number of emerged seedlings was counted from two 1 m long drill rows in each plot. Counts were 
made every two days until the number of emerged seedlings became constant for three consecutive 
measurement dates.  
6.2.3.2  Seedling biomass 
Total seedling (shoot+root) dry matter of sown legumes was assessed, instead of separating shoot and 
root fractions, due to the small size of the seedlings, 36 days after sowing. To do this, lucerne and 
Caucasian clover seedlings were excavated from two 0.3 m long drill rows per plot. For Russell lupin, 
10 representative plants were excavated from each plot. Plants were completely removed with the 
soil separated carefully from the roots, then washed at the root washing facility at the FRC, Lincoln 
University. Plant samples were dried in a forced air oven at 60°C to a constant weight. The same 
procedure was done 90 days after sowing, but this time, root and shoot fractions were separated at 
ground level. All seedling samples were dried and then weighed for biomass assessment.  
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 Figure 6.4 Lucerne, Russell lupin, and Caucasian clover plots on 31/12/2011, 53 days after sowing 
at Ashley Dene. Lime rates was applied four days before sowing, at three rates (0, 1, or 
2 t/ha).  
 
6.2.3.3  Plant heights 
Plant heights were measured from 10 representative plants per plot during spring and summer over 
the experimental period.   
6.2.3.4  Botanical composition 
Botanical composition assessment was based on destructive quadrat cuts over the period of 
experiment. For lucerne and Caucasian clover, two 0.2 m2 quadrats per plot were cut at 20–30 mm 
above ground level, systematically placed to avoid re-cutting previously sampled areas. There were 
three cuts in Year 0, and four cuts in Year 1. For Russell lupin, two 0.5 m2 quadrat cuts were done per 
plot. According to the slow recovery, one main harvest was taken annually for lupin dry matter 
assessment to allow lupin plants to recover and develop to the flowering stage. 
6.2.3.5  Dry matter yield 
Measurements for lucerne and Caucasian clover growth, and dry matter production, included the 
seedling phase (sowing to 50% flowering) and two subsequent regrowth periods in Year 0 (Nov 2011 
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to Jul 2012). There was four regrowth periods in Year 1 (Jul 2012 to July 2013). Plots were mown after 
cutting on 30 April 2012, 30 August 2012, 26 October 2012, and 14 December 2012. Herbage residuals 
were then removed from plots after each mowing. For Russell lupin the annual dry matter production 
was based on one main harvest per year. Samples were dried in a forced air oven at 60°C to a constant 
weight. 
6.2.3.6  Root growth 
Root DM was measured 316 days after sowing for lucerne in Year 1. The same 0.2 m2 quadrat which 
was used to measure shoot DM was excavated to 300 mm and crown and taproots removed (Figure 
6.5). The excavated plants were placed in a chilly bin on ice and transported to the FRC root washing 
facility (Lincoln University). Roots were then washed gently under tap water, dried to a constant weight 
in a forced air oven and then weighed. 
Figure 6.5 Excavated lucerne plants to 300 mm depth at Ashley Dene, 316 days after sowing.  One 
quadrat (0.2 m2) was excavated from each plot on 17/09/2012. 
6.2.3.7  Nodulation assessment 
Lucerne, Russell lupin and Caucasian clover seedlings were excavated 90 days after sowing. For each 
species, 10 plants were excavated randomly from each plot. Nodulation was assessed by evaluating 
nodule colour, number, position and size according to a modified criteria from Rice et al., (1977); (Table 
4.4). The nodulation assessment was repeated again on 21/12/2012 (387 days after sowing).   
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6.2.3.8   Estimation of nitrogen fixation using 15N natural abundance method 
The 15N natural abundance (δ15N) technique was used to provide estimates of the proportion of legume 
N derived from atmospheric N2 (%Ndfa) by comparing the δ15N (‰) of inoculated lucerne shoots to 
the δ15N of non-N2-fixing, uninoculated lucerne reference plants grown at the same site (Unkovich et 
al., 2008). The δ15N of a legume would be expected to be similar to that of atmospheric N2 (0‰) if that 
legume plant was totally dependent on symbiotic N2 fixation. However, shoots usually have the δ15N 
of less than zero. Conversely, if the legume was totally reliant on soil mineral N, its δ15N should be 
similar to that of the soil mineral N taken up (Unkovich et al., 2008). The criteria for the harvest date 
selection, to assess the δ15N of lucerne samples, were based on lucerne dry matter results. Two harvest 
dates in Year 0 (8 March 2012 and 30 April 2012), and one in Year 1 (24 October 2012) were selected 
to determine the total N content and δ15N. Samples from each plot from the selected harvest dates 
were ground and thoroughly mixed. Subsamples were then finely ground again. The δ15N (‰) and total 
N percentage (w/w) of lucerne samples were measured by mass spectrometry at Lincoln University. 
The percentage of N derived from the atmosphere (%Ndfa) was then calculated according to Equation 
6.1 (Unkovich et al., 2008). 
%𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝛿𝛿 𝑁𝑁 15  𝑜𝑜𝑁𝑁 𝑟𝑟𝑟𝑟𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑝𝑝𝑝𝑝𝑁𝑁𝑟𝑟𝑝𝑝 − 𝛿𝛿 𝑁𝑁 15  𝑜𝑜𝑁𝑁 𝑁𝑁2 𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓 𝑝𝑝𝑟𝑟𝑓𝑓𝑙𝑙𝑙𝑙𝑟𝑟
𝛿𝛿 𝑁𝑁 15  𝑜𝑜𝑁𝑁 𝑟𝑟𝑟𝑟𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑝𝑝𝑝𝑝𝑁𝑁𝑟𝑟𝑝𝑝 − 𝐵𝐵 ×  1001                      (6.1) 
Where B value is the δ15N of lucerne shoots that are fully dependent on N2 fixation. The average B 
value of -0.68 was used according to Unkovich et al. (2008). Lucerne dry matter yields (t/ha) on the 
same day of sampling for N fixation measurements were used to quantify and express nitrogen fixation 
as kg Ndfa/ha. Amounts of N2 fixed were calculated from %Ndfa estimates (Equation 6.2). The amount 
of lucerne N was calculated based on dry matter and tissue N content (Equation 6.3). 
𝐴𝐴𝑙𝑙𝑜𝑜𝑙𝑙𝑟𝑟𝑝𝑝 𝑜𝑜𝑁𝑁 𝑁𝑁 𝑁𝑁𝑓𝑓𝑓𝑓𝑟𝑟𝑁𝑁 (𝑘𝑘𝑓𝑓𝑁𝑁 ℎ𝑁𝑁⁄ ) =  𝑝𝑝𝑙𝑙𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑁𝑁 (𝑘𝑘𝑓𝑓𝑁𝑁 ℎ𝑁𝑁⁄ ) × (%𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 100⁄ )                 (6.2) 
𝐿𝐿𝑙𝑙𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑁𝑁 (𝑘𝑘𝑓𝑓𝑁𝑁 ℎ𝑁𝑁⁄ ) = 𝑝𝑝𝑙𝑙𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝐷𝐷𝐷𝐷 (𝑘𝑘𝑓𝑓 ℎ𝑁𝑁⁄ ) × (%𝑁𝑁 100⁄ )                                              (6.3) 
6.3 Results 
6.3.1 The soil pH and Al in response to lime 
Lime application increased (P˂0.01) the pH of the top-soil (0-75 mm), from 5.2 in the control to 5.5 in 
the 1 t lime/ha, and to 5.6 in the 2 t lime/ha application. The Al content of the top-soil (0-75mm) was 
also affected (P˂0.001) by lime treatment, and decreased from 4.2 mg/kg in the control to 2.0 mg/kg 
with the 1 t lime/ha application. The Al content was further decreased to 1.3 mg/kg soil, by the 2 t 
lime/ha applied. The soil pH in the excavated depth (0-300 mm) was 5.5 and unaffected (P= 0.34) by 
lime rates. The Al content was 3.3 mg/kg soil and unaffected (P= 0.58) by lime rates in this soil depth. 
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Figure 6.9 Slow establishment of Caucasian clover at Ashley Dene, on 7/02/2012, 90 days after 
sowing. Volunteer white clover dominated Caucasian clover plots. 
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Figure 6.10 Caucasian and white clover coverage (0.2 m2) at Ashley Dene in Year 0, on 9/05/2012, 
180 days after sowing. 
The botanical composition of Caucasian clover was unaffected by lime or rhizobia treatments over the 
first growing season (2011-2012). The sown Caucasian clover component of botanical composition was 
50% compared with 35% for the volunteer white clover component in Caucasian clover plots (Figure 
6.11). The unsown grass species, in contrast, had the lowest contribution (2%) in Caucasian clover 
plots. The weed species component in the botanical composition was about 8%, and only 5% of total 
herbage dry matter was dead material. 
The dry matter of Russell lupin (0.8 t/ha) represented 20% of total herbage DM in Year 0 (Figures 6.12, 
and 6.15). Weed (including white clover) and grass components represented 65% and 5% of total 
herbage DM, respectively. Dead material represented 10% of total herbage DM in Year 0.  
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Figure 6.11 The sown Russell lupin, white clover, broadleaf dock and yarrow coverage (0.2 m2) at 
Ashley Dene in Year 0, on 30/01/2012, 90 days after sowing. 
6.3.3.2  Year 1 
The sown lucerne component of botanical composition was affected (P≤0.05) by rhizobia inoculant in 
Year 1 (2012-2013). It was 89% for inoculated sown lucerne, compared (P≤0.05) with 49% for bare 
seed sown lucerne plots (Figure 6.13a). The dead material component decreased (P≤0.01) from 7% in 
the control, to 2.5% with 2 t/ha of applied lime (Figure 6.13a). The dead material was also affected (P≤ 
0.05) by rhizobia inoculant, and decreased from 6.5% in the bare seed sown to 3.0% in the inoculated 
lucerne plots. 
The sown Caucasian clover component of botanical composition was unaffected by rhizobia inoculant 
or lime treatments. However, there was a trend of Caucasian clover component (Figure 6.13b) in 
response to inoculation (35%) compared to (P= 0.57), bare seed sown (23%). The volunteer white 
clover component had the highest contribution (48%) in Caucasian clover plots (Figures 6.12, and 
6.13b). Conversely, the unsown grass species had the lowest contribution (4%) in Caucasian clover 
plots. The weed species component in the botanical composition was about 13%, and only 5% of total 
herbage dry matter was dead material (Figure 6.13b).  
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 Figure 6.15 Lucerne (right) and Caucasian clover (left) plots on 20/12/2011 (42 days after sowing) 
at Ashley Dene. Caucasian clover plots were dominated by broadleaf dock. Lucerne 
plots, in contrast, were weed-free. 
 
Lucerne shoot and root DM exceeded the other two sown legumes, 60 days after sowing. Lucerne 
shoot DM was 51 g/m2 compared with (P<0.01) 22 g/m2 for Caucasian clover. The root DM of lucerne 
was 59 g/m2 compared with (P<0.01) 36 g/m2 for Caucasian clover. Russell lupin had the lowest 
(P<0.01) seedling shoot and root DM (11 and 13 g/m2, respectively) amongst the sown legumes (Figure 
6.16). This was due to the lower number of Russell lupin seedlings per m2.  
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 Figure 6.20 Russell lupin plot at Ashley Dene on 7/02/2012, before the main harvest for Year 0.  
 
6.3.4.3 Seasonal dry matter (DM) yield  
Figure 6.22 presents the combined results for lucerne accumulated yield (t DM/ha/year) in response 
to lime application and rhizobia inoculant over two seasons. Lucerne DM was affected by lime rates 
but unaffected by rhizobia treatment in year 0. In contrast, in Year 1, lucerne total DM increased 
(P≤0.05) from 2.4 to 7.8 t/ha with rhizobia, in the second growth season (Figure 6.17b). The lucerne 
DM in the inoculated plots exceeded the bare seed sown plots from Oct 2012 and this difference 
remained constant until the end of growth season in Jun 2013 (Figure 6.22). Lucerne yield was 
unaffected (P= 0.10) by lime application in Year 1. 
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 Figure 6.22 Russell Lupin bare seed sown plus 1 t lime/ha applied (a), and Inoculated sown plus 2 t 
lime/ha applied (b) before the main harvest in Year 1. Lime or rhizobia treatments had 
no effect on DM yield of Russell lupin. (Photo 14/12/2012)  
 
6.3.6 Nodulation assessment 
In Year 0, the nodulation of lucerne seedlings was affected (P≤0.001) by the rhizobia treatment, as 85% 
of inoculated seedlings were nodulated 90 days after sowing. For Caucasian clover, all inoculated 
seedlings were nodulated (2 to 10 nodules per seedling). The inoculated Russell lupin seedlings were 
100% nodulated 90 days after sowing. Nodulation of the sown legumes were unaffected by the lime 
rates. There was no nodules on the ‘bare seed sown’ lucerne, Russell lupin or Caucasian clover roots.  
In Year 1, the number of nodules per lucerne plant and the nodule score were both affected (P≤0.001) 
by rhizobia inoculant. The inoculated lucerne roots were 100% nodulated, with 20-25 nodules per plant 
(Figure 6.24). The nodule score was 7.9 and unaffected (P= 0.37) by lime treatment. In contrast, no 
nodules were found on the bare seed sown lucerne roots (Figure 6.25). Lucerne nodulation was 
unaffected (P = 0.36) by lime treatment. The inoculated roots of Russell lupin were 75% nodulated, 
with less than 5 nodules per plant at the main harvest of Year 1 (21/12/2012). Few nodulated plants 
(5 nodulated plants out of 90 excavated) were found in the ‘bare seed sown’ plots of Russell lupin. 
Similarly to Year 0, Caucasian clover inoculated plants were 100% nodulated in Year 1. The ‘bare seed 
sown’ plants, in contrast were 60% nodulated in Year 1.  
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Figure 6.23 Lucerne roots from the inoculated seeds were 100% nodulated, with 20-25 nodules per 
plant at Ashley Dene 316 days after sowing. 
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 Figure 6.24 Lucerne roots from the bare seed sown plants at Ashley Dene 316 days after sowing.  
 
6.3.7 Root DM of the established lucerne plants 316 days after sowing 
(17/09/2012)  
Lucerne root DM (0-300 mm depth) was unaffected by lime application (P= 0.12), or rhizobia 
treatment. Lucerne population was about 300 plants per m2, and unaffected by lime rates or rhizobia 
treatment. The root to shoot ratio of lucerne plants was 2.3, and was unaffected by lime application 
(P= 0.09), or rhizobia (P= 0.12).  
All the excavated lucerne and Russell lupin plants over this experimental period (Nov 2011 to July 
2013), had normal vertical tap root systems (Figure 6.24), without any visible aluminium toxicity 
symptoms, at Ashley Dene.  
6.3.8 N percentage and δ15N values of lucerne plants 
In Year 0 (2011/2012) the N percentage and δ15N values of lucerne plants were unaffected by inoculant 
or lime application. Four months after sowing (8/03/2012), the nitrogen content of lucerne plants was 
2.5% (w/w), and unaffected by inoculant (P=0.22) or lime (P=0.32). Similarly, the δ15N was 1.3‰ and 
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unaffected by inoculant (P=0.92) or lime (P=0.38). Six months after sowing (30 April 2012), the nitrogen 
content of lucerne plants was 2.2% (w/w), and unaffected by inoculant (P=0.21) or lime (P=0.67). 
Similarly, the δ15N was 0.81‰ and unaffected by inoculant (P=0.23) or lime (P=0.91). In Year 1 
(2012/2013), the nitrogen content of inoculated plants was 4.2% (w/w) compared with 3.6% (P<0.05) 
in uninoculated lucerne plants. The δ15N value was 0.81‰ in uninoculated plants compared with -
0.23‰ (P<0.05) in inoculated lucerne plants. There was a trend (P=0.07) of increased herbage N 
percentage with lime from 3.7% in the control to 4.1% (w/w) with 1 t lime/ha applied. In contrast, 
there was no effect of lime on δ15N values (P=0.18).  
6.3.9 Estimation of N2 fixation rates of lucerne plants in Year 1 
The calculated %Ndfa estimated that 70% of the nitrogen content in inoculated lucerne shoots was 
derived from nitrogen fixation in Year 1. The inoculated lucerne plants harvested on 24 October 2012, 
yielded 4.14 t DM/ha compared with 1.31 t DM/ha in bare seed sown plants. This suggests 122 kg N/ha 
from inoculated lucerne was attributed to biological nitrogen fixation within 4 months, from the first 
of July to the end of October 2012 in Year 1. Molecular studies on the isolated bacteria from lucerne 
nodules (Chapter 7) confirmed the existence of the applied inoculant rhizobia (S. meliloti strain RRI128) 
in 80% of the nodules (24/30 nodules). 
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6.4 Discussion 
6.4.1 Dry matter yield 
Lime application increased (P˂0.01) the pH of the top-soil (0-75 mm), from 5.2 in the control to 5.5 in 
the 1 t lime/ha, and further increased to 5.6 in the 2 t lime/ha application. The Al content of the top-
soil (0-75mm) was also affected (P˂0.001) by lime treatment, and decreased from 4.2 mg/kg in the 
control to 2.0 mg/kg with the 1 t lime/ha application. The Al content was further decreased to 1.3 
mg/kg soil, by the 2 t lime/ha applied. The soil pH in the excavated depth (0-300 mm) was 5.5 and 
unaffected (P= 0.34) by lime rates. The Al content was 3.3 mg/kg soil and unaffected (P=0.58) by lime 
rates in this soil depth. Results were consistent with previous chapters that indicated pH and Al levels 
had changed by lime application in the top-soil. These results agree with Moir and Moot (2010) and 
Moir and Moot (2014) who reported strong effect of surface lime application on soil pH and related Al 
changes in 0-75 mm depth, but no obvious or small changes in deeper soil horizons, after two years.  
Dry matter of lucerne and Russell lupin was affected (P≤0.05) by lime application in the first growth 
season. Lucerne yield increased (P≤0.05) from 3 t DM/ha to 3.5 t DM/ha with the 1 t/ha lime 
application, and further increased to 4 t DM/ha with the 2 t/ha lime application. Results indicated the 
beneficial effect of surface lime application for lucerne establishment which is consistent with those 
results from pot and field experiments. Similar to Field Experiment A at Glenmore Station, Russell lupin 
DM increased (P≤0.05) from 0.6 t/ha in the control, to 1.1 t/ha with the 2 t/ha lime application. 
However, Field Experiment B showed no effect of lime application on dry matter yield of Russell lupin. 
Recent study by Moot and Pollock (2014), showed small but inconsistent response to the lime by the 
Russell lupin in a field experiment at Glenmore station. Therefore lime application is not recommended 
for Russell lupin in these soil conditions. 
Poor establishment and growth of Caucasian clover was observed at Ashley Dene. This was constant 
with the field studies in the high country regions (Chapters 3 and 5). The annual yield of Caucasian 
clover was below 1 t DM/ha. This was mainly due to failure in competition with the volunteer white 
clover and resident vegetation. These results were in contrast with those reported by Black et al. (2002) 
indicating in Canterbury dryland conditions, Caucasian clover produced 9.4 t/ha compared with 7.0 
t/ha for white clover. Moisture stress and water uptake by other vigorous weeds such as broadleaf 
dock suppressed Caucasian clover seedlings in the first 90 days from sowing (Figures 6.19). This result 
is in contrast with those reported by Fu et al., (2001) indicating its persistence under seasonal moisture 
deficits. However, the Lees Valley field experiment showed that Caucasian clover needs 2-3 years to 
establish (Chapter 3). Therefore the two year experiment at Ashley Dene was probably not long enough 
to evaluate Caucasian clover persistence, in this environment.  
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6.4.2 Estimation of nitrogen fixation 
Lucerne dry matter was not affected by rhizobia inoculant in year 0 (Figure 6.18a). In addition 15N 
natural abundance study showed no differences in N percentage and δ15N values between inoculated 
and un-inoculated lucerne plants. These results suggest lucerne was reliant on soil N in the establishing 
year. Symbiotic nitrogen fixation is an energy-demanding process; thus, legumes obtain less of their 
N-requirement from the atmosphere if an adequate N supply is available from the soil (Wood and 
Cooper, 1985). 
The established lucerne plants in year 1, In contrast, showed differences in these values as well as dry 
matter production. Inoculated lucerne yielded 8 t DM/ha compared with un-inoculated plants with 
only 2 t DM/ha. The calculated %Ndfa estimated that 70% of the nitrogen content in inoculated lucerne 
shoots were derived from nitrogen-fixation. This indicates lucerne plants were highly reliable on 
biological nitrogen fixation in the second growing season (2012/2013). This confirms results from Pot 
Experiment 3 that showed the dry matter of lucerne were three-fold higher in inoculated plants than 
in un-inoculated plants, in the Lees Valley soil (Figure 4.23a). 
The inoculated lucerne plants harvested on 24/10/2012, yielded 4.14 t DM/ha compared with 1.31 t 
DM/ha in bare seed sown plants. This meant 122 kg N/t DM of inoculated lucerne was fixed within six 
months, from the 1st of May to 24th of October 2012. This result was constant with those reported by 
Brockwell et al. (1995b), indicating 79 to 92% of lucerne N derived from N2 fixation and estimated 90 
to 189 kg N/ha of fixed nitrogen. They concluded lucerne had fixed nearly half of its total N and was 
not reliant upon soil nitrogen. Similar results have been reported by Gault et al. (1995) who indicated 
at least 65% of N content of lucerne was derived from nitrogen fixation.  
Rhizobia inoculation yielded a three-fold increase in lucerne dry matter at Ashley Dene in the second 
growing season compared with the bare seed sown crops. Data from this study demonstrated the 
advantage of inoculation to enable BNF for lucerne in these low pH and moderate aluminium soil 
conditions at Ashley Dene. This supports previous work (Black and Moot, 2013) that showed a need 
for inoculation of lucerne in soils with no previous history of lucerne growth. In this study, no nodules 
were found on the roots of bare seed sown lucerne in either year. In contrast, the roots of inoculated 
lucerne were 100% nodulated, with 20–25 nodules per plant. The molecular study confirmed the 
existence of the applied inoculant. The rhizobia capable of effective symbiosis with lucerne did not 
exist in New Zealand soils prior to European settlement. They have been introduced to the soil in many 
regions, but whether adequate numbers of rhizobia are sustained in the soil in the years following 
inoculation is questionable, especially in a hostile soil environment, for example low pH and high Al 
levels. The high responses to inoculation (Figure 6.22) are most likely to be observed when soil nitrate 
is low and when resident rhizobia are absent (Brockwell et al., 1995a). It should be noted that the 
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paddock used in this experiment had no history of lucerne for the past 40 years. However, 85% of 
inoculated seedlings were nodulated 90 days after sowing. Despite this, the %Ndfa was not detectible 
within the first year of establishment. This suggested lucerne had formed nodules but the nitrate 
available in the soil was used in preference to the energy– consuming process of BNF. The 2.4% N 
(w/w) of lucerne dry matter in the first six months of establishment at Ashley Dene meant ca. 96 kg 
N/ha was utilised from soil. This indicated the measured soil N of 126 kg/ha of mineralisable N was 
adequate for lucerne growth in Year 0, and the plants preferentially used that soil N ahead of Ndfa.  
The amount of N2 fixation measured in this study (122 kg N/ha) was based on lucerne standing dry 
matter at the time of sampling (October 2012). However, it assumed total N fixed in shoots would be 
roughly 200 kg N/ha for the total annual yield of lucerne in Year 1 (7.8 t/ha), or ca. 25 kg N/t above-
ground dry matter. This excludes root accumulated N that can account for up to 50% of total legume 
N (Unkovich et al., 2010). The lucerne dependence on N2 fixation was calculated as 70% for Year 1. This 
%Ndfa was comparable to 65% reported by (Yang et al., 2011) for irrigated lucerne. The other 30% of 
lucerne N from soil indicated lucerne also utilised ca. 60 kg N/ha from soil. Anaerobic mineralisable N 
was 187 kg/ha at the end of this field experiment in June 2013. This N is unlikely to cause a leaching 
problem, because lucerne has been shown to be effective in scavenging soil nitrate from depth 
(Russelle et al., 2001). Goh et al. (1996) reported substantial amounts of BNF (71 to 230 kg N/ha.year) 
with lucerne. They calculated lucerne derived 72% of its N from the atmosphere during the 
spring/summer period compared with 83–97% with clovers in New Zealand. They concluded the net N 
demand from the soil was higher for lucerne than the clover species. Their results indicate a low risk 
of N leaching and support the preferential uptake of soil mineral N by lucerne in this study. The 
perennial nature of lucerne growth usually ensures that most of the possible mineralised N is re-
assimilated by the lucerne itself. As a consequence, the concentrations of soil mineral N remain low 
(Dear et al., 1999).  
Lime application improved the establishment of lucerne at Ashley Dene. The lucerne DM increase 
(P<0.05) from 3 to 3.5 t DM/ha with the 1 t/ha lime and to 4 t DM/ha with the 2 t/ha lime in Year 0, 
was probably due to the soil pH increase, and decrease in Al content of the top soil. The strong 
relationships between soil pH and exchangeable plant-available Al has been reported in previous 
studies (Moir and Moot, 2010, 2014). As a consequence lucerne seedlings could establish faster and 
yield more than the control. The release of phytotoxic Al in acidic soils is responsible for significant 
losses of lucerne production. Therefore, application of lime is required to obtain successful 
establishment and persistence of lucerne (Edmeades et al., 1983; Mullen et al., 2006). As the subsoil 
(150–300 mm) pH was higher than the top soil at Ashley Dene (Table 1), when the lucerne roots 
reached this deeper horizon in the following season, there was less growth limitation by low pH and 
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high Al compared with the establishment season. Therefore, the lime application appears to have been 
less effective in Year 1 than in Year 0. 
6.5 Conclusion 
• Lucerne was the highest yielding sown legume in ca. 4 mg Al/kg soil at Ashley Dene. Lucerne 
was capable to form nodules but utilised N first when the soil N was adequate in Year 0, in 
preference to nitrogen fixation. Its growth was then highly dependent on biological nitrogen 
fixation in the second year. 
• Russell lupin and Caucasian clover yield was low in the first year. In contrast, in second year 
Russell lupin yielded 5 t DM/ha.  
• Inputs of lime (2 t/ha) and inoculation with rhizobia improved %Ndfa and establishment of 
lucerne in this soil where the initial pH was 5.2 and Al ca. 4 mg/kg soil. These strategies ensured 
an adequate number of effective rhizobia to nodulate lucerne, and increased lucerne DM 
production. Therefore the inoculation and lime application is recommended in these low soil 
pH and moderate Al toxicity conditions. 
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Chapter 7 
Identification and characterisation of rhizobia isolates from lucerne 
and Caucasian clover nodules in hill and high country regions 
7.1 Introduction  
The production and persistence of lucerne and Caucasian clover were examined in hill and high country 
regions of the South Island in previous chapters. It is well- known that symbiosis with rhizobia provides 
these plants with fixed nitrogen, which enables them to grow in nitrogen deficient soils (Section 2.3.1). 
Therefore, efficient biological nitrogen fixation is crucial for legumes in these low input, extensive 
pasture systems of hill and high country regions of New Zealand. Environmental stresses (e.g. soil 
moisture deficit, acidity and Al toxicity) can negatively affect the symbiosis and so limit biological 
nitrogen fixation (Section 2.3.3). As shown in previous chapters, low pH and Al toxicity had a negative 
impact on nodulation of lucerne and Caucasian clover as well as on their dry matter production. Some 
strains of rhizobia have higher acid tolerance than the others (Graham et al., 1982; Zahran, 1999). 
Therefore, genotyping and characterizing such acid-tolerant rhizobia strains to identify strains with 
improved BNF under harsh environments is promising for the improvement of legume production in 
low pH and high Al soils. 
Shoot dry matter and root growth parameters, studied in Chapter 4, compared inoculated and bare 
seed sown lucerne and Caucasian clover. Those results were tested at Ashley Dene and showed that 
the dry matter production of nodulated lucerne plants were about four times higher than the un-
inoculated plants. Moreover, the 15N natural abundance study showed that 70% of the nitrogen 
content in the inoculated lucerne plants, was from biological nitrogen fixation. However, in order to 
relate the higher dry matter production to inoculation with the commercial rhizobia strain, it is 
necessary to confirm the presence of that inoculant inside the root nodule. In this chapter, the first 
objective was to use molecular techniques to evaluate the presence or absence of the applied 
inoculant strain in lucerne and Caucasian clover nodules sampled from four different regions of the 
South Island, in New Zealand.  The second objective of this chapter was to evaluate the nodule 
occupancy to understand the competition between commercial strains and other bacteria, including 
naturalised strains of rhizobia that can reside lucerne and Caucasian clover nodules. The third objective 
was to study the genetic diversity of bacterial isolates recovered from lucerne and Caucasian clover 
nodules in four different regions of the South Island, in New Zealand, to identify any naturalized 
rhizobia that were capable of nodulating lucerne and Caucasian clover in those regions. The fourth 
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objective was to investigate the effect of soil pH and aluminium on the nodule occupancy of 
commercial strains and other bacterial genotypes isolated from lucerne and Caucasian clover nodules. 
7.2 Materials and methods 
7.2.1 Plant collection from the pot and field experiments 
Lucerne and Caucasian clover plants were collected from Pot Experiments 1, 2, and 3 (Lees Valley soil, 
Chapter 4), two field experiments at Glenmore Station (Field Experiments A and B, Chapter 5), the 
Ashley Dene field experiment (Chapters 6), and also from a field experiment at Central Otago. Plants 
were collected from November 2011 to June 2013. At each sampling time, 10 plants of each species 
were excavated randomly, from the centre of the plots of the field experiments. From the pot 
experiments, all lucerne and Caucasian clover plants were excavated for nodulation assessment 
(Chapter 4) and bacteria isolation.  
Table 7.1 Location of plant sampling in the hill and high country experimental sites. Nodules were 
collected from host legumes (lucerne and Caucasian clover) sown in three locations 
(Ashley Dene, Glenmore Station, and Central Otago), and also from Pot Experiments 1, 
2, 3 with collected soil from the Lees Valley (Chapter 4), in 2011-2013. 
Experimental site location Elevation (m a.s.l) Host legumes 
Lees Valley 43˚,07’,15.60ʺ S,  
172˚, 11ʹ,48.27ʺ E 
430 Lucerne, Caucasian clover 
Central Otago 45°,19',15.52"S 
170°, 6',34.59"E 
600 Lucerne, Caucasian clover 
Glenmore Station 43˚,54ʹ,15.66ʺ S, 
170˚,28ʹ,26.50ʺ E 
740 Lucerne, Caucasian clover 
Ashley Dene 43˚,39ʹ,30.68ʺ S, 
172˚,20ʹ,01.31ʺ E 
32 Lucerne 
7.2.2 Excavated plants from the Pot Experiments 1, 2 and 3 (Chapter 4) 
The collected soil from the Lees Valley (Section 4.2.1) was used for the Pot Experiments 1, and 2. The 
experimental design and treatments for Pot Experiment 1, were described in Section 4.2.4.1. Briefly, 
the total of 104 lucerne and Caucasian clover pots were inoculated, 16 days post germination, with the 
diluted peat culture of rhizobia strains appropriate to each legume species (‘AL; RRI128’; Sinorhizobium 
meliloti for lucerne and ‘CC283b’; Rhizobium leguminosarum bv. trifolii, Commercial ‘Nodulaid’; Becker 
Underwood Ltd, Australia). The original treatments were eight rates of phosphorus as [Ca 
(H2PO4)2.H2O], that contained 24.6% P (w/w), or five rates of lime (CaCo3 laboratory grade) 
incorporated in a complete randomized block design into the soil prior to the start of the experiment 
(Tables 4.2 and 4.3). Each treatment was replicated four times. Lucerne and Caucasian clover plants 
(Five plants per pot) were excavated 328 days after sowing, at the flowering stage.  
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 Figure 7.1 Map of the South Island, NZ with the locations of experimental sites. Nodules were 
collected from lucerne and Caucasian clover host legumes, sown in three locations 
(Ashley Dene, Glenmore Station, and Central Otago), and also from Pot Experiments 1, 
2, 3 with collected soil from the Lees Valley (Chapter 4), in 2011-2013. 
In Pot Experiment 2, bare seeds of lucerne (un-inoculated seeds) were sown into 12 pots. The 
experimental design and treatments for Pot Experiment 2, were described in Section 4.2.5. Lucerne 
seeds were sown at 20 seeds pot-1 on 3rd of June 2010 (later thinned to 10 plants pot-1). Three rates 
of phosphorus (0, 30, and 250 mg kg-1 soil), or lime (0, 5, and 15 t ha-1) were incorporated into the soil 
in two replicates, according to the experimental design. The phosphorus treatment pots received basal 
lime at a rate of 5.0 t/ha equivalent, in the form of pure (100%) laboratory grade CaCO3. The 
appropriate phosphorus or lime treatments were prepared as outlined in Section 4.2.4.1. All lucerne 
plants were excavated from pots (10 plants per pot), 242 days later on 10th of February 2011.  
Pot Experiment 3 was sown with the Inoculated and bare seeds of lucerne and Caucasian clover in 0.8 
m long P.V.C columns that contained the Lees Valley soil. Bare seeds (without rhizobia inoculant) of 
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lucerne and Caucasian clover plants were grown on this soil to capture any naturalized rhizobia that 
maybe capable of nodulating sown legumes in this acidic soil. The experimental design and treatments 
were described in Section 4.2.6. Briefly, five levels of lime (equivalent to 0, 0.5, 1, 2 and 4 t/ha) were 
incorporated into the soil for each P.V.C column 28 days before sowing the seeds, to elevate the soil 
pH according to the experimental design. All lucerne and Caucasian clover plants were excavated from 
240 columns (5-20 plants per column), 228 days after sowing for root growth and nodulation 
assessment (Chapter 4). Soil pH and Al content were measured after excavating plants (Section 
4.3.3.2). Nodulation was assessed in response to soil pH and Al content (Section 4.3.3.5). Results were 
crossed with the bacterial isolates data in this chapter (Chapter 7) to evaluate the genetic diversity of 
identified genotypes in response to soil pH and Al content (Section 7.3.7). The soil uniformity (collected 
from one location), the same growth period for both sown legumes, and also the number of recovered 
isolates (133 isolates from all inoculated and bare-seed sown) from lucerne and Caucasian clover 
nodules, were the advantages of this pot experiment to evaluate nodule occupancy in different Al and 
soil pH (Section 7.3.7).   
7.2.3 Excavated plants from Central Otago 
A field experiment was conducted by a commercial company in 2009 at the Styx Run site, about 50 km 
south of Ranfurly, in Central Otago. Soil test results showed the low pH of 4.9 in 0-150 mm of soil 
depth. The Al content was 31 mg/kg in 0-75 mm and increased up to 50 mg/kg in 150-300 mm of soil 
depth. The aim of this field experiment was to evaluate the persistence of lucerne and Caucasian clover 
in response to surface lime application, in that high Al content of soil. Therefore, five rates of lime (0, 
1, 2, 4, and 6 t lime/ha) were surface applied prior to the start of the experiment. Results of the plant 
growth from this experiment are not reported in this thesis due to failure of lucerne and Caucasian 
clover plants to thrive in high Al content in most of the plots. There were only a few lucerne and 
Caucasian clover plants (Less than five plants) that survived in the highest applied lime plots (6 t 
lime/ha). These plants were excavated on 28th of November 2011, and transported to Lincoln 
University in a chilly bin with ice.  
153 
 Figure 7.2 Nodulated lucerne root excavated from Central Otago experimental site. Less than five 
lucerne plants managed to survive, by the time of sampling (November 2011).  
7.2.4 Excavated plants from Ashley Dene 
Ten lucerne plants were excavated randomly from each plot in January 2013. There was no nodulated 
lucerne plants in the ‘bare seed sown’ (un-inoculated) plots. 
7.2.5 Excavated plants from Glenmore Station 
Lucerne and Caucasian clover plants were excavated in March 2012 from Field Experiment A. For each 
species, 10 plants were randomly excavated from each plot.  
7.2.6 Nodule collection from the excavated plants 
Roots containing several nodules from each plant were sealed into individual plastic bags and kept on 
ice for transport. Plant roots were gently washed under tap water, to prevent damage and loss of 
nodules, at the root washing facility at the Field Research Centre, Lincoln University. Individual nodules 
were detached from the roots by cutting the root either side (Figure 7.3) using a flame sterilised scalpel 
and tweezers. A small amount (≤ 10 mm) of root tissue was left attached to either side of the smaller 
nodules (≤ 4 mm diameter). A minimum of three nodules were collected from each individual 
excavated plant. Bacteria were isolated the same day, or bags were stored at 4°C till the next morning.  
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Figure 7.3 Detached nodules from lucerne roots. Plant roots were gently washed under tap water, 
to prevent damage and loss of nodules, at the root washing facility, Field Research 
Centre, Lincoln University. 
7.2.7 Bacteria isolation from nodules 
Bacteria were isolated from lucerne and Caucasian clover nodules. The nodule and root fragment were 
surface sterilized by immersion in 96% ethanol for 5-10 seconds, 1% sodium hypochlorite for 2 minutes 
and then rinsed four times in sterile distilled water (SDW) for 20 seconds each time. The root fragment 
was then removed from the nodule with a sterilised scalpel before crushing each nodule with the 
flattened end of a flamed glass rod in a sterile Petri dish. The bacterial suspension from the nodule was 
plated onto a yeast mannitol agar (YMA) plate using a sterilized loop. Plates were sealed with tape and 
incubated at 21°C for 48 hours in the dark for 3-5 days. All surface sterilization of nodules and plating 
of bacteria was done in a Class I laminar flow cabinet. Colonies were sub-cultured at least once to 
ensure purity. Plates with multiple bacterial species were sub-cultured multiple times as necessary to 
obtain a single colony culture. Plates were stored briefly (1-2 weeks) at 4°C before DNA extraction. 
Each bacterial isolate was also stored at -80°C in 20% glycerol. 
7.2.8 DNA extraction 
For each stored YMA plate, a sterile loop was used to transfer a single bacterial colony to 1 mL of yeast 
mannitol broth (YMB) in a 1.7 mL sterile tube. The inoculated tubes were incubated at 28°C for 24 
hours at 220 rpm on a shaking incubator (LABNET 211 DS, Labnet International, USA). Control tubes of 
YMB that were not inoculated with a bacterial isolate were included in each batch to check for 
contamination. DNA was extracted from each of the rhizobia suspensions using the PUREGENE™ DNA 
extraction kit (Gentra Systems, USA), according to the manufacturer’s instructions. The 1.7 mL tubes 
of broth culture were centrifuged at 16,000 x g for 2 minutes to pellet the bacterial cells, then the 
supernatant was discarded and 300 μL of cell lysis solution was added to the cell pellet and mixed by 
pipetting. The solution was incubated for 5 minutes at 70°C before 1 μL of RNase A Solution (10 mg/mL; 
Invitrogen) was added to cell lysate. The solution was mixed by inverting the tube 25 times before 
incubating at 37°C for 15 minutes. Samples were left to cool to room temperature before 100 μL of 
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protein precipitation solution was added and the solution vortexed for 15 seconds. The solution was 
centrifuged at 16,000 x g for 3 minutes to pellet the precipitated proteins and cell debris. The 
supernatant containing the DNA was then transferred into a sterile 1.7 mL tube where it was 
precipitated with 300 μL of ice cold 100% isopropanol (2-propanol). The solution was mixed by gently 
inverting the tube 50 times. The precipitated DNA was collected by centrifugation at 16,000 x g for 1 
minute. The supernatant was discarded and the DNA pellet was washed with 500 μL of 70% ethanol 
by inverting the tube several times and centrifuging at 16,000 × g for 1 minute. The ethanol was then 
carefully discarded and the DNA pellet was left to air dry on clean absorbent paper for 10 – 15 minutes. 
7.2.9 DNA hydration and spectrophotometry 
The DNA pellet was re-suspended in 30 μL of sterile distilled water (resulting in a DNA concentration 
of between 100-300 ng/μL) and stored at 4°C. DNA was quantified using a NanoDrop™ 
spectrophotometer (NanoDrop Technologies Inc., Delaware, USA). DNA was diluted to a working 
concentration of 40-50 ng/μL for polymerase chain reaction (PCR). 
7.2.10 PCR amplification of bacterial DNA using ERIC primers 
PCR was done using ERIC 1R (5’ ATGTAAGCTCCTGGGGATTCAC 3’) and ERIC 2 (5’ 
AAGTAAGTGACTGGGGTGAGCG 3’) primers (Versalovic et al., 1991a). Each 25 μL PCR contained 1× 
buffer (FastStart, Roche, USA), 200 μM of each of the dNTPs, 1.25 U of Taq DNA polymerase (FastStart, 
Roche, USA), 50 pmole of each of the primers (Invitrogen) and 40-50 ng of bacteria DNA. A negative 
control was included that contained all the reagents except the template DNA. The tubes containing 
the reaction mix were placed in a thermal cycler (Veriti™, Applied Biosystems, California, USA) and 
amplified using the following protocol; 94°C for 3 minutes (denaturation), then 35 cycles of 94°C for 
30 seconds (denaturation), 52°C for 90 seconds (annealing) and 72°C for 8 seconds (extension), and a 
final cycle of 72°C for 7 minutes. The PCR products were then stored at -20°C. 
7.2.11 Electrophoresis 
To view the genetic fingerprints of each bacterial isolate, 6 μL of each PCR product was mixed with 2 
μL of loading dye (0.025% bromophenol blue, 0.025% xylene cyanol, 40% w/v sucrose) for separation 
by electrophoresis in a 1% agarose gel (Progen Biosciences, Brisbane, Australia). The molecular marker 
was prepared in a similar way, except that the 6 μL of PCR product was replaced by 6 μL of the 1Kb 
plus DNA Mass Ladder (Invitrogen). The gels were run in 1x TAE buffer (40 mM Tris acetate, 2 mM 
Na2EDTA, pH 8.5) at 10 V/cm for 55 min. Gels were then stained in ethidium bromide (0.5 μg per mL 
1xTAE) for 15 minutes and rinsed several times in sterile distilled water. Bands were then visualized 
and photographed under UV light using the FireReader (UVItec Limited, UK). 
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7.2.12 Genotype assessment according to band patterns 
.Agarose gel images were used to group the isolates to strain level (Leung et al., 1994). The gel image 
from each sample was visually assessed to and strains with identical patterns were placed in a single 
group of bacteria with the same genotypes. Samples with identical fingerprints were given the same 
genotype code.  
The characteristics ERIC-PCR banding pattern obtained from the pure inoculant sourced from the 
Australian Inoculant Research Group (AIRG) from previous studies (Khumalo, 2012; Wigley, 2011) was 
used to assign the genotype for the commercial strain RRI128 for lucerne. Nodule occupancy was 
calculated separately for lucerne and Caucasian clover nodules collected from each site, based on 
genotype frequencies. There was no reference of ERIC banding pattern for Caucasian clover 
commercial rhizobia strain.  
7.2.13 Amplification of the 16S ribosomal RNA gene region for strain 
identification 
The 16S rRNA gene region of bacterial strains were amplified for DNA sequencing, according to their 
ERIC-PCR fingerprints. Each 25 μL PCR contained 1× buffer (FastStart, Roche, USA), 200 μM of each of 
the dNTPs, 0.25 U Taq DNA polymerase (FastStart, Roche, USA) and 10 pmole of each of F27 (5’ 
AGAGTTTGATCMTGGCTCAG 3’) and R1494 (5’ CTACGGYTACCTTGTTACGAC 3’) primers (Weisburg et 
al., 1991). The DNA template was diluted to 20-25 ng/μL with sterile water and 1 μL was added to each 
tube. A negative control was included that contained all the reagents except the template DNA. The 
tubes containing the reaction mix were placed in a thermal cycler (Veriti™, Applied Biosystems, 
California, USA) and amplified using the following protocol; 94°C for 3 minutes (denaturation), then 35 
cycles of 94°C for 30 seconds (denaturation), 55°C for 30 seconds (annealing) and 72°C for 1 second 
(extension), and a final cycle of 72°C for 7 minutes. The PCR products were stored at -20°C. The 16S 
PCR products were then loaded onto 1% agarose gels and the DNA separated by agarose gel 
electrophoresis as described in Section 7.2.7.  
The PCR products were sequenced in one direction using primer R1494 (Invitrogen), at the Lincoln 
University Sequencing Facility using an ABI PRISM® 310 Genetic Analyzer (Applied Biosystems, 
California, USA). The chromatograms for 16S rRNA were analysed and manually trimmed using MEGA 
5.05 Software (Tamura et al., 2011). The BLAST (Basic Local Alignment Search Tool) from the National 
Centre for Biotechnological Information (NCBI) was used to identify the bacterial isolates. The 16S PCR 
product of selected isolates (17 isolates) were also sequenced with F27 an F485 (5’ 
CAGCAGCCGCGGTAA 3’) primers (Young et al., 2004). These isolates were chosen according to 
preliminary identification by their sequences in one direction using primer R1494. Three sequences 
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from F27, F485, and R1494 primers were assembled using the DNAMAN 5 software (Lynnon Biosoft 
Product version 5.2.10, Canada). 
7.2.14 Strain diversity according to 16S rRNA Phylogeny 
Sequence alignments and phylogenetic analyses were conducted using MEGA 5.05 Software (Tamura 
et al., 2011). The alignments were made by ClustalW and the phylogenetic tree was inferred by the 
Neighbor-Joining method with a bootstrap analysis based on 1,000 replicates to evaluate the 
confidence of the nodes. The BLAST tool was used to find species closely related to bacterial isolates 
and to download type strain’s genetic sequences to be included in the phylogenetic tree. 
7.3 Results 
7.3.1 Number of isolated bacteria and site of origin 
A total of 462 bacteria were obtained from lucerne (203 from inoculated plants, 114 from un-
inoculated plants, total n= 317) and Caucasian clover (103 from inoculated plants, 42 from un-
inoculated plants, total n= 145) nodules from different sites. 
7.3.1.1  Lees Valley 
A total of 209 bacterial isolates were obtained from lucerne nodules grown in the Lees Valley soil in 
pot experiments, from which, 114 were isolated from un-inoculated (Bare seed) lucerne plants, and 
95 isolated from inoculated lucerne plants. From Caucasian clover plants, 119 bacteria were obtained 
from nodules, included 32 from un-inoculated plants and 87 from inoculated Caucasian clover plants. 
7.3.1.2  Central Otago 
From Central Otago field experiment, 21 bacteria were obtained from collected nodules of three 
surviving inoculated lucerne plants. None of the un-inoculated lucerne plants had survived in the 
Central Otago field experiment. From the Caucasian clover nodules, 10 bacteria were isolated from 
inoculated plants, and eight were isolated from un-inoculated plants. 
7.3.1.3  Ashley Dene 
The number of bacterial isolated was 52, and they were only isolated from inoculated lucerne nodules. 
No nodules were found on un-inoculated lucerne roots. 
7.3.1.4  Glenmore Station 
From Glenmore Station, 35 bacteria were isolated from nodules of inoculated lucerne plants. No 
nodules were found on un-inoculated sown lucerne. From the Caucasian clover nodules, six bacteria 
were isolated from inoculated, and two from un-inoculated plants. 
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Table 7.2 Frequency of genotypes observed in the isolates and the Sequence similarity of 16S 
rRNA gene (sequenced with primer R1494) of 30 representative bacterial genotypes 
from lucerne and Caucasian clover nodules compared with those of known origin using 
BLAST from the National Centre for Biotechnological Information (NCBI). 
Genotype 
code 
Occurrence 
(%) 
Species Host 
plant 
Accession 
No.* 
Coverage 
(%) 
Identity 
(%) 
Product 
size (bp) 
AL 26.7 Sinorhizobium sp. Lu KC157882.1 100 99 729 
AC 23.0 Rhizobium sp. Cc/Lu JX292367.1 100 100 764 
PS1 5.7 Pseudomonas sp. Cc/Lu JQ693810.1 100 100 708 
PS 5.4 Pseudomonas sp. Cc/Lu JQ977123.1 100 100 691 
IL 4.6 Sinorhizobium sp. Lu KC157882.1 100 100 733 
AL3 3.7 Sinorhizobium sp. Lu KC157882.1 100 99 728 
BC 3.7 Sinorhizobium sp. Cc/Lu KC157882.1 100 100 787 
AL2 3.5 Sinorhizobium sp. Cc/Lu KC157882.1 99 100 830 
SL 3.3 Pseudomonas sp. Cc/Lu JQ977608.1 100 100 711 
DC 3.0 Pseudomonas sp. Cc/Lu JQ977538.1 100 100 600 
CL 2.6 Sinorhizobium sp. Cc/Lu JF904881.1 100 99 641 
TL 2.6 Sinorhizobium sp. Lu KC157882.1 100 100 590 
AL5 2.4 Sinorhizobium sp. Cc/Lu JF904881.1 100 99 684 
CC 2.2 Pseudomonas sp. Cc/Lu KC920925.1 100 100 548 
KC 1.3 Pseudomonas sp. Cc/Lu KC920925.1 100 100 610 
PAN 1.3 Pantoea sp. Cc/Lu JX852671.1 100 100 777 
VA 1.3 Variovorax sp. Lu JQ977671.1 100 98 537 
AL4 0.7 Sinorhizobium sp. Lu KC157882.1 100 99 595 
LL 0.7 Serratia sp. Lu JF327450.1 100 100 703 
AR 0.2 Arthrobacter sp. Lu KC236861.1 100 100 738 
CAL 0.2 Caulobacter sp. Lu JX949611.1 100 99 433 
CHR 0.2 Chryseobacterium 
sp. 
Lu HE994079.1 100 99 624 
DEL 0.2 Delftia sp. Lu KC810838.1 100 100 706 
FL 0.2 Flavobacterium 
sp. 
Lu JQ977143.1 99 99 681 
HC 0.2 Cupriavidus sp. Cc JN845637.1 100 100 782 
LUT 0.2 Luteibacter sp. Cc DQ778039.1 100 99 741 
PED 0.2 Pedobacter sp. Lu DQ984208.1 99 99 558 
PL 0.2 Plantibacter sp. Cc JQ977286.1 100 100 768 
PS2 0.2 Pseudomonas sp. Lu KC687080.1 100 100 686 
UL 0.2 Labrys sp. Lu EF125935.1 100 98 607 
*The first match of accession number from NCBI has shown in this table, when multiple accession
numbers were reported on 100% coverage. 
Genotype AL was assigned to the commercial strain RRI128 as the ERIC-PCR fingerprint (Figure 7.6a) 
matched  previous reports (Khumalo, 2012; Wigley, 2011). Based on results from sequencing 1320-
1361 bp of the 16S rRNA region (Table 7.3, isolate Cc T86-2 with 100% coverage and identity with 
Rhizobium leguminosarum bv. trifolii), Genotype AC was the only Rhizobium leguminosarum genotype 
that was recovered from Caucasian clover nodules from all sites. Therefore, according to its unique 
ERIC banding pattern (Figure 7.6b), Genotype AC was assigned to the commercial strain ICC148.  
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Table 7.3 Sequence similarity of 16S rRNA gene (sequenced with primers F27, F485, and R1494) 
of 17 representative bacterial genotypes from lucerne and Caucasian clover nodules 
compared with those of known origin using BLAST from the National Centre for 
Biotechnological Information (NCBI).  
Genotype 
code 
Isolate 
name 
Species Host 
plant 
Accession 
No.* 
Coverage 
(%) 
Identity 
(%) 
Product 
size (bp) 
IL Lu CL3c  Sinorhizobium meliloti Lu CP004140.1 100 100 1361 
AL Lu CL7 Sinorhizobium meliloti Lu JX292367.1 100 100 1344 
BC Cc S66 Sinorhizobium meliloti Cc CP004140.1 100 100 1343 
TL Lu 59 Sinorhizobium meliloti Lu CP004140.1 100 100 1324 
AL2 Lu CL3a Sinorhizobium meliloti Lu CP004140.1 100 100 1361 
AL Lu 50 Sinorhizobium meliloti Lu CP004140.1 100 99 1336 
AL3 Lu CL10a Sinorhizobium meliloti Lu CP004140.1 100 99 1344 
AL5 Cc S50 Sinorhizobium meliloti Cc CP004140.1 100 99 1342 
CL Lu 77 Sinorhizobium meliloti Lu CP004140.1 99 99 1342 
IL Lu 86 Sinorhizobium meliloti Lu CP004140.1 99 99 1341 
AL Lu 97 Sinorhizobium meliloti Lu CP004140.1 100 99 1320 
AL 
 
Lu CL3b Sinorhizobium meliloti Lu AB535694.1 99 98 1321 
CL Lu 43 Rhizobium sp. Lu DQ499528.1 100 99 1324 
AC Cc T86- 2 Rhizobium 
leguminosarum bv. 
trifolii 
Cc JF810503.1 100 100 1342 
AC Gl Cc-I-4a Rhizobium 
leguminosarum 
Cc JF810503.1 100 99 1324 
AC Cc-T-1-2a Rhizobium sp. Cc JX852671.1 100 99 1342 
PS1 Gl-Cc-I-6b Pseudomonas sp. Cc AY940129.1 100 100 1329 
*The first match of accession number from NCBI has shown in this table, when multiple accession 
numbers were reported on 100% coverage.  
 
 
Figure 7.6 1% Agarose gel of five representative ERIC-PCR fingerprints of genotype AL recovered 
from lucerne nodules of (a) and nine representative ERIC-PCR fingerprints of genotype 
AC recovered from Caucasian clover nodules collected from Pot Experiment 1. Lane 1 
contains the 1Kb Plus DNA Ladder™ (Invitrogen). Agarose gel illustrating ERIC-PCR 
banding patterns obtained from DNA isolates recovered from plants inoculated with 
commercial peat inoculants. 
7.3.4 Strain diversity of 17 representative isolates 
The 17 representative strains were distributed in four major clades (Figure 7. 7). Clade 1 (C1) consisted 
of 12 strains clustered with Sinorhizobium meliloti. Clade 2 (C2) comprised only one strain from lucerne 
 162 


Figure 7.9 Two YMA plates containing different bacteria genotypes sub-cultured from a single 
Caucasian clover nodule collected from Glenmore Station. Identified genotypes were 
AC, Rhizobium leguminosarum bv. trifolii (left), and LUT, Luteibacter sp. (right), co-
occupied one Caucasian clover nodule. 
Figure 7.10 Two YMA plates containing different bacteria genotypes sub-cultured from a single 
lucerne nodule collected from Glenmore Station. Identified genotypes were AL, 
Sinorhizobium meliloti (left), and PS2, Pseudomonas spp. (right), co-occupied one 
lucerne nodule. 
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7.3.6 Genotype frequency of bacterial isolates in nodules recovered from 
inoculated and un-inoculated plants 
7.3.6.1  Genotype frequency in inoculated lucerne and Caucasian clover plants  
Overall across four sites, the majority of bacteria recovered from the nodules of lucerne and Caucasian 
clover that had been inoculated with the peat inoculants, were the commercial strains RRI128 and 
ICC148 for lucerne and Caucasian clover, respectively. For inoculated Caucasian clover plants, 70% of 
recovered bacteria were strain ICC148, compared with 60% for lucerne nodules occupied by strain 
RRI128 (Figure 7.11). From all 462 bacteria recovered from lucerne and Caucasian clover nodules, less 
than 10% were identified as other rhizobia genotypes, over the four sites (Figure 7.11). For lucerne, 
eight strains (IL, BC, CL, TL, AL2, AL3, AL4 and AL5) were naturalized genotypes (Table 7.3). For 
Caucasian clover, four of these Sinorhizobium sp. (AL2, AL5, BC, and CL) genotypes were also present. 
Bacteria other than rhizobia also infected the nodules of the sown legumes, with a higher proportion 
for lucerne (32%) than for Caucasian clover (17%). Pseudomonas sp. was the dominant non-rhizobia 
bacteria inhabiting lucerne (21%) and Caucasian clover (13%) nodules. 
7.3.6.2  Genotype frequency in un-inoculated lucerne and Caucasian clover plants. 
Lucerne 
The commercial strain of S. meliloti (RRI128; genotype AL) was not present in the nodules collected 
from lucerne plants grown from bare seed at any site. In contrast, 10% of the recovered strains 
inhabiting uninoculated lucerne nodules were identified as genotype AC (R. leguminosarum bv. trifolii). 
Other rhizobia genotypes (AL2, AL3, Al5, IL, TL, BC, and CL) occupied 46% of nodules on un-inoculated 
lucerne plants. These genotypes were identified as naturalised strains of Sinorhizobium sp. (Table 7.3) 
inhabiting lucerne nodules in plants grown from bare seed. Genotypes identified as bacterial species 
other than rhizobia, occupied 44% of nodules on un-inoculated lucerne plants (Figure 7.11), and were 
mainly (24%) Pseudomonas spp. (Genotypes DC, CC, KC, PS, PS1, and PS2). 
Caucasian clover 
Of the strains collected from nodules on Caucasian clover grown from bare seed, from all sites, 46% 
was assigned as genotype AC (R. leguminosarum bv. trifolii). Genotype BC (S. meliloti; 17%) was the 
only other rhizobia genotype that occupied nodule on un-inoculated Caucasian clover plants. The 
commercial strain of S. meliloti (RRI128; genotype AL) was not present in the nodules collected from 
Caucasian clover plants grown from bare seed at any site. Genotypes PS, PS1, and DC occupied 37% of 
nodules on un-inoculated Caucasian clover plants (Figure 7.11), and were identified as Pseudomonas 
spp. (Table 7.2). 
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Table 7.4  Presence of nine identified S. meliloti genotypes recovered from lucerne nodules in 
different experimental sites of South Island, New Zealand. Genotype AL was S. meliloti 
strain RRI128 (commercial inoculant). The other eight genotypes, were identified as 
naturalized S. meliloti strains based on ERIC-PCR and sequence similarity of 16S rRNA 
gene compared with those of known origin using BLAST from the National Centre for 
Biotechnological Information (NCBI). 
 Identified S. meliloti genotypes 
Origin AL AL2 AL3 AL4 IL AL5 TL CL BC 
Lees Valley + + +  + + + + + 
Ashley Dene +   + + + + + + 
Central Otago + + + + +     
Glenmore Station +         
(+) indicates the presence of genotype at the experimental site 
 
7.3.7.2  Caucasian clover 
Caucasian clover nodules were predominantly (70%) occupied by R. leguminosarum bv. trifolii strain 
ICC148 (genotype Ac) at the Lees Valley experiment. Four other identified rhizobia genotypes, which 
were S. meliloti strains (BC, AL5, AL2, and CL), occupied 15% of Caucasian clover nodules at the Lees 
Valley experiment. About 10% of the recovered bacteria from Caucasian clover nodules at Lees Valley 
were identified as Pseudomonas spp. and only 6% were other bacteria genera (Figure 7.12).  
At Central Otago, Caucasian clover nodules were predominantly occupied by R. leguminosarum bv. 
trifolii strain ICC148 (44%), and Pseudomonas spp. (50%). Only 6% of the recovered bacteria from 
Central Otago were identified as other bacteria genera (Figure 7.12). At Glenmore Station, R. 
leguminosarum bv. trifolii strain ICC148 (genotype Ac) had the lowest nodule occupancy (12.5%), 
compared with Pseudomonas spp. (62.5%) and other bacteria genera (25%). Rhizobium 
leguminosarum bv. trifolii was the only strain of rhizobia in Caucasian clover nodules at Central Otago 
and Glenmore Station. 
 
 168 



7.4 Discussion 
The applied commercial strains successfully colonised lucerne (up to 52%) and Caucasian clover 
nodules (up to 70%) collected from different sites. However, the nodule occupancy of commercial 
strains were highly variable over four sites (Figure 7.12). This variability can be due to the 
environmental stresses (e.g. soil acidy and Al toxicity, drought, soil temperature), physiological state 
of the host plant, or competition between resident rhizobia in the soil and inoculant, to occupy the 
nodule sites (Sections 2.3.3).  
Results showed high specificity of Caucasian clover for rhizobia symbiont to nodulate the roots. 
Genotype AC (commercial strain ICC148) was the only Rhizobium leguminosarum genotype that 
recovered from Caucasian clover nodules irrespective of sites. This indicates lack of strain diversity for 
Rhizobium leguminosarum bv. trifolii in soils of the experimental sites in this study, which agrees with 
Patrick and Lowther (1995) who reported the absence of rhizobia capable of forming effective nodules 
on Caucasian clover in New Zealand soils. Seguin et al. (2001) also reported the lack of genetic diversity 
of R. leguminosarum genotypes occupying Caucasian clover nodules among the North American 
isolates. Therefore, inoculation was required, as few soils outside its centre of origin in the Caucasus 
contain effective indigenous rhizobia (Elliot et al., 1998). The commercial peat inoculants with two 
different isolate names were used to inoculate Caucasian clover seeds, in this study. Strain CC283b was 
applied in Pot Experiment 1 (Section 7.2.2), and strain ICC148 for other pot and field experiments. 
Strain CC283b was recommended for hexaploid cultivars of Caucasian clover (e.g., Monaro) in Australia 
(Zorin et al., 1976). Strain ICC148 was isolated in 1993 from a nodule off a Caucasian clover collected 
at the Mt. John Research Station, Tekapo (Scott and Mason, 1992). Seed had inoculated at sowing in 
1975 and further rhizobia applied in 1983, but details of strains used are not available (Pryor et al., 
1998). These two commercial strains revealed very similar ERIC fingerprints with one band 
approximately at 400 bp (Genotype code AC, Figures 7.4 and 7.6b). Therefore, both isolated strains 
(CC283b and ICC148) were identical according to their ERIC banding patterns.  
Eight naturalized strains of Sinorhizobium meliloti were identified from lucerne nodules grown in 
different high country regions in South Island. This was the first identification report of any naturalized 
S. meliloti occupying lucerne nodules in New Zealand. The identification of indigenous or naturalized 
rhizobial strains can lead to the selection for increased nitrogen fixation, competitive ability, or 
environmental stress tolerance (Thies et al., 1992; Thies et al., 1991). However, further studies needed 
to evaluate competitive ability, nodulation and nitrogen fixation rate of these naturalized strains.   
Results showed higher frequency of rhizobia genotypes occupying lucerne than Caucasian clover 
nodules in this study. The competition between these rhizobia genotypes derived from this high 
frequency may negatively affect the efficiency of BNF. Clear differences in nitrogen fixation efficiency 
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(up to 10-fold of host legume growth) have been reported, with different rhizobium isolates (Burdon 
et al., 1999). Rhizobial strains of sub-optimal effectiveness have been isolated from ﬁelds worldwide 
and are often cited as a factor contributing to poor agronomic yields (Akçay and Roughgarden, 2007; 
Denison and Kiers, 2004; Kiers et al., 2007). Research evidence suggests that nodulation by these mixed 
populations of rhizobia is limiting symbiotic N2 fixation (Pryor et al., 2004) via successful competition 
with the commercial inoculant for nodule sites (Meade et al., 1985).  
Results of this study showed mixed infection of a single nodule by more than one genotype (Section 
7.3.5, Figures 7.8, 7.9, and 7.10). Mixed infection of Caucasian clover nodules was observed only in five 
out of 120 collected nodules. Mixed infection of lucerne nodules, in contrast, ranged 21- 80% of all 
collected nodules from four experimental sites (Figure 7.8). It is widely assumed that each nodule 
contains a single rhizobial strain, but experimental results (including results reported in this chapter), 
challenge this hypothesis (Denison, 2000). Mixed infection of a single nodule by more than one strain 
has been reported for several legume species including lucerne (Diatloff and Brockwell, 1976; Gage, 
2002; Kapp et al., 1990; Pinto et al., 1974; Trinick et al., 1983). Such cases were mostly less than 10% 
of the total. However, in some cases, higher rates of mixed infection has been reported (Pinto et al., 
1974). The phenomenon of mixed infection represents another source of inaccuracy in enumerating 
the identity of nodule isolates (Brockwell et al., 1976) for nodule occupancy. Trinick et al. (1983) 
reported up to 83% of cowpea (Vigna unguiculata L.) nodules that formed by a slower-growing 
rhizobial strain also contained a co-inoculated, faster growing strain. Considering this kind of double 
infection, culturing bacteria from a single nodule on YMA plate generally would end up with the fast 
growing rhizobia to be selected and identified. Therefore, the calculated nodule occupancy might be 
affected because the slower growing bacteria has been ignored. For that reason, the frequency of 
identified genotypes was reported in this study instead of nodule occupancy.  
Results showed higher rate of mixed infection in lucerne nodules than Caucasian clover. This can be 
due to higher diversity of Sinorhizobium meliloti capable of occupying lucerne nodules compared with 
Rhizobium leguminosarum bv trifoli which was apparently the only available option to have symbiosis 
with Caucasian clover, in our experimental sites in New Zealand. Friesen and Mathias (2010) assumed 
that double infections by different bacterial cells occur at random and plants do not control the rate 
of mixed infections. The higher rate of mixed infection by other rhizobia genotypes in lucerne nodules 
compared with Caucasian clover might also be related to differences between host species in their 
defence system efficiency, or sanction ability. It means the bacterial community occupying nodules 
abuse plant resources for their own reproduction, if that sanction against non-fixing nodules or less 
fixing nodules does not work. In 95% of the mixed infected lucerne nodules, two different strains of S. 
meliloti were identified in a single nodule, or one Pseudomonas sp. co-occupied a nodule with one S. 
meliloti strain (Figure 7.10). One way non-ﬁxing rhizobia might escape sanctions would be to share a 
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nodule with a ﬁxing strain (Denison and Toby Kiers, 2004). This may be a more common explanation 
for the persistence of rhizobial ‘‘cheaters’’ (Denison and Kiers, 2011). Presumably, the non-ﬁxing strain 
would have lower ﬁtness than the ﬁxing strain when each was the sole occupant of a nodule, due to 
host sanctions imposed on non-ﬁxing nodules. In that case, the balance between ﬁxing and non-ﬁxing 
strains would depend on the frequency of mixed nodules. Results showed high variability (21-80%, 
Figure 7.8) of mixed infected nodules collected from lucerne over experimental sites. There have been 
few studies on the frequency of mixed nodules under ﬁeld conditions, especially using methods that 
distinguish closely related strains.  
One isolate from a Caucasian clover nodule was identified as Cupriavidus sp. (Table 7.2). Barrett and 
Parker (2006) reported Cupriavidus sp. as a novel nodule symbionts for Mimosa populations. All 
Cupriavidus genotypes in their study formed root nodules and ﬁxed nitrogen on both M. pigra and M. 
pudica. It has been reported that non-rhizobial bacteria genotypes not only can occupy legume nodules 
but also can have entophytic characteristics (Bai et al., 2002; Howieson et al., 2013; Mishra et al., 2009; 
Muresu et al., 2008; Sturz et al., 1997). These studies have revealed considerable promotion of growth 
and of biomass production. Genera such as Bacillus, Pseudomonas, Erwinia, Caulobacter, Serratia, 
Arthrobacter, Micrococcus, Flavobacterium, Chromobacterum, Agrobacterium, Hyphomycrobium and 
free-living nitrogen-ﬁxing bacteria can have beneficial effect on plant growth (Gray and Smith, 2005). 
Results showed high rate of Pseudomonas spp occupying lucerne and Caucasian clover nodules (Figure 
7.12), especially at high Al levels (>7 mg/kg) of Glenmore Station soil. The majority (65%) of bacteria 
recovered from the nodules of lucerne grown at Glenmore Station were Pseudomonas spp. The 
phosphate solubilizing ability of Pseudomonas spp have been studied and reported (Buch et al., 2008; 
Vyas and Gulati, 2009). Additionally, the beneficial effect of Pseudomonas spp could be even more 
than solubilizing phosphate, since Appanna et al. (1994) reported that an aluminium-tolerant strain of 
Pseudomonas fluorescens specifically sequesters and detoxifies aluminium by producing an 
extracellular lipid compound. This could be one explanation for higher proportion of Pseudomonas spp 
in nodules collected from Glenmore Station compared with other experimental sites.  
Pantoea sp. was one of the other bacteria genotypes isolated from both lucerne and Caucasian clover 
nodules in this study (Table 7.2). A putative new endophytic nitrogen-ﬁxing bacterium Pantoea sp. was 
isolated and characterized from sugarcane stem tissue (Loiret et al., 2004), and at least one strain of 
Pantoea sp. has been reported to have plant growth-promoting activity (Dastager et al., 2009).  
The higher nodule occupancy with naturalized strains compared with the commercial strain (Figure 
7.14) suggests the competitive ability of the identified naturalized S. meliloti to displace the 
commercial strain in higher soil pH. About 50% of the isolates recovered from lucerne nodules at soil 
pH of 5.5, were the commercial strain of S. meliloti (RRI128). This proportion decreased from 50% to 
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only 6% as the soil pH elevated to 6.7, as the commercial genotype has been replaced by other rhizobia 
genotypes (Figure 7.14). this result agrees with Streeter (1994) and Brockwell et al. (1995a) who 
reported the failure of inoculant rhizobia to overcome the dominance of indigenous strains for nodule 
formation. Soil pH has been shown to affect the competitive ability of rhizobia strains to occupy nodule 
sites. Frey and Blum (1994) indicated that soil pH can influence which symbiotype or Rhizobium 
competitively nodulates beans. It also can be due to low community of naturalized strains in the acidic 
high Al content of the Lees Valley soil. The bacterial colonies in the acidic soil were probably not enough 
to compete with the commercial peat inoculant on the seed of lucerne and Caucasian clover. Recent 
MPN studies by Lincoln University Plant Pathology Group (Ridgway, 2014, unpublished data), showed 
low population of bacteria in lucerne plots at Glenmore station (Field Experiment B, Chapter 5). 
Interestingly, the MPN of bacteria in the 0 lime treatment at Glenmore Station (soil pH of 5.2, and Al>7 
mg/kg) was zero, and increased to 1100 cell/g soil as soil pH was elevated to 5.7 (Section 5.3.2.1). At 
this soil pH (5.7), Al content was 1.5 mg/kg in 0-75 mm of soil surface. Brockwell et al. (1991) indicated 
that the numbers of naturally occurring S. meliloti in non-cultivated soils in central New South Wales 
was highly depended on soil pH. It has also been reported that the stressful environments (e.g. low 
pH) limit rhizobial communities to less than 100 cell/g of soil (Howieson and Ballard, 2004). 
7.5 Conclusion 
• Soil pH has been shown to affect the competitive ability of rhizobia strains to occupy nodule
sites.
• The applied commercial strains successfully colonised lucerne (up to 52%) and Caucasian
clover nodules (up to 70%) collected from different sites. However, the nodule occupancy of
commercial strains were highly variable over four sites
• Results indicated high specificity of Caucasian clover for nodule occupants.
• Al toxicity had more severe effects on nodulation of lucerne than Caucasian clover.
• Naturalized strains of S. meliloti, has identified from different experimental sites. These strains
are potentially more adapted to high country regions than the commercial inoculant. further
studies are needed to confirm their potential.
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Chapter 8 
General Discussion 
 
8.1 Introduction 
Several environmental factors are constraints for the growth of legumes. A principle of Liebig's law for 
limiting factors states that “the level of crop production can be no higher than that allowed by the 
maximum limiting factor” (Brockwell et al., 1995a). However, this principle does not apply in complex 
systems where different growth and physiological processes can be limited by different nutrients at 
the same time. Therefore, aims of this research were to primarily investigate the main constraints for 
legume production in high country acidic soils, and then evaluate potential mitigation strategies.   
8.2 Investigation of constraints for legume production in high country acidic 
soils 
8.2.1 High Exchangable aluminium 
The steady decline in lucerne population, and as a result low dry matter yield, at the Lees Valley 
brought up the possibility of toxic levels of aluminium as the main constraint (Chapter 3). Lucerne 
yielded about 4 t DM/ha in first three years. However, its yield decreased rapidly below 2 t DM/ha in 
Years 5 and 6. To investigate limiting factors, a series of pot experiments were designed to identify and 
quantify the effects of soil pH and exchangeable Al content (Chapter 4). It is difficult to distinguish the 
effect of Al toxicity on plant growth parameters, from the effect of low pH in the soil, as they are highly 
associated. However, the improvement in plant survival and growth of lucerne seedlings in a soil pH of 
5.5 (Al<3 mg/kg) compared with 5.4 (Al=6 mg/kg) suggests that the main limiting factor for lucerne 
survival (over six years) in the Lees Valley soil, was primarily due to aluminium toxicity rather than a 
limitation of other nutrients induced by the low pH. Results of this experiment supported the previous 
reports that indicated in this situation, the toxicity of aluminium was of greater importance than 
hydrogen ions (Humphries and Auricht, 2001) to limit plant growth parameters. Similarly, Munns 
(1965b), reported that lucerne can grow as well in solutions maintained at pH 4 as at pH 5, and its 
growth at pH 4 was little affected when aluminium was not added (<0.1 µM). The implication is to 
consider the exchangeable Al levels, primarily, to make the best decision on lime rates and legume 
species suitability (Moir and Moot, 2014).  
Root growth parameters of lucerne and Caucasian clover were affected by high exchangeable Al levels 
in the Lees Valley soil. In particular, results from Pot Experiment 3 indicated that the fine root length 
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was the most sensitive growth parameter exposed to high Al levels, which would affect the ability to 
nodulate. Results suggested the survival of rhizobia and ability to nodulate lucerne are more sensitive 
than the host plant in high Al levels. 
To test these results from pot Experiment 3 in the field conditions, two experimental sites were chosen 
with the criteria of similar low soil pH but different levels of exchangeable Al. The first experimental 
site was at Glenmore Station (Chapter 5) with the top-soil pH of 5.1 (in 0-75 mm depth) and 8.9 mg/kg 
Al (Table 5.2). The second experimental site was at Ashley Dene (Chapter 5) with the top-soil pH of 5.2 
(in 0-75 mm depth) but a moderate Al level of 4.2 mg/kg Al (Table 6.1). Interestingly, the root growth 
of lucerne was totally different between two sites. At Glenmore Station with higher soil Al content, all 
the excavated lucerne plants showed abnormal horizontal roots (Figures 5.20). Caucasian clover, in 
contrast showed normal taproots. At Ashley Dene, all the sown legumes (lucerne, Russell lupin and 
Caucasian clover) had normal tap roots (Figure 5.21). The root growth differences in these two sites, 
combined with shoot dry mater results (Section 8.2.2), confirms the Pot Experiment 3 results indicated 
the severe effect on seedling survival of lucerne is primarily due to Al toxicity rather than soil pH.    
At Glenmore Station Field Experiment A, lucerne mortality was the main reason for low dry matter 
yield in the second year. In contrast, Field Experiment B showed lucerne could survive even in high Al 
of Glenmore without lime application for at least two years. However this difference in plant survival 
in B was more likely to be due to higher sowing rate and therefore higher plant population compared 
with A. In addition according to the Lees Valley field experiment, two years is not long enough to 
evaluate the persistence of lucerne in high Al soils. The important implication of these results is to 
make the right decision whether to cultivate Al sensitive species like lucerne, or an alternative legume 
with higher Al tolerance according to the pH and Al content in the entire soil profile.  
Results showed the variability of the measured exchangeable Al levels over the experimental site at 
Glenmore Station. For example, in the soil pH of 5.2, the measured Al levels ranged from 4.1 mg/kg to 
8.4 mg/kg soil (Table 5.5, Figure 5.7). The low coefficient of determination (R2=0.44, Figure 5.6) also 
indicated the variability of Al response to the soil pH changes (Figure 5.6). This suggests the current Al 
extraction methods may not be accurate to measure exchangeable Al levels due to variable forms of 
Al with different proportions in similar soil pH. The proportion of different Al compounds in relation to 
soil pH has been described by Sparks (2003), and Gardiner and Miller (2008). They indicated the 
magnitude of the pH decrease depends on the Al concentrations in the solution. However, other 
physico-chemical properties of soil might affect these proportions. Moir and Moot (2014), studied 
exchangeable Al levels in relation to soil pH on three high country sites in New Zealand. They reported 
different forms of Al response to the soil pH between the Lees Valley and Glenmore station soils. This 
variable relationship, suggests that the associations between exchangeable Al levels and soil pH appear 
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to be soil or site specific. In addition, the variability of parent material even in small distances over the 
experimental site at Glenmore Station (Figure 5.6, table 5.5) suggests the need for further research to 
explain the key factors driving variability in soil exchangeable Al levels.  
8.2.2 Nitrogen deficiency 
Combined results from pot and field experiments indicated the severe effects of Al on root growth 
parameters and plant survival of lucerne. However, when the Al content in the soil was decreased by 
lime incorporation in Pot Experiment 3, lucerne and Caucasian clover growth were highly dependent 
on the nitrogen availability for the plant. The low soil N in most undeveloped high country soils (e.g. 
the Lees Valley) therefore indicates that the successful nitrogen fixation is crucial for the sown legumes 
growth.  
At Ashley Dene, inoculated lucerne yielded 8 t DM/ha compared with un-inoculated plants with only 2 
t DM/ha. The calculated %Ndfa estimated that 70% of the nitrogen content in inoculated lucerne 
shoots were derived from nitrogen-fixation. This indicates lucerne plants were highly reliant for 
biological nitrogen fixation in the second growing season (2012/2013). This confirms results from Pot 
Experiment 3 that showed the dry matter of lucerne were three-fold higher in inoculated plants than 
in un-inoculated plants, in the Lees Valley soil (Figure 4.23a). The inoculated lucerne plants harvested 
on 24/10/2012, yielded 4.14 t DM/ha compared with 1.31 t DM/ha in bare seed sown plants. This 
meant 122 kg N/t DM was fixed within six months, from the 1st of May to 24th of October 2012. This 
result was constant with those reported by Brockwell et al. (1995b), indicating 79 to 92% of lucerne N 
derived from N2 fixation and estimated 90 to 189 kg N/ha of fixed nitrogen. They concluded lucerne 
had fixed nearly half of its total N and was not reliant upon soil nitrogen. A similar result has been 
reported by Gault et al. (1995) who indicated at least 65% of N content of lucerne was derived from 
nitrogen fixation. These results from Ashley Dene experiment indicated again that the main limitation 
was not Al or pH (when they are not in extreme levels) but was a lack of rhizobia for successful nitrogen 
fixation symbiosis.    
Nodulation assessment of lucerne and Caucasian clover indicated severe effects of Al on the number 
of nodules of both species. The effect of lime application on the nodulation of sown legumes were a 
determinant of the success of legume production. The nodulation of both legumes was improved by 
lime rates (Figures 4.17b, 4.35, and 4.36). This suggests that most of the lime response by lucerne was 
due to improved nodulation as found by Munns (1965a). A positive relationship (R2=0.84) was found 
between the number of nodules/pot and the soil pH. The lime treatment was incorporated into the 
Lees Valley soil, and as a result, the soil pH around the roots was elevated to 6.1 (Section 4.3.3.2). 
Consequently, the aluminium content decreased to 0.3 mg/kg soil (Figure 4.20). At this soil pH, lucerne 
growth and nodulation (Figures 4.35a, and 4.36a) was unlikely to have been affected by aluminium 
 178 
toxicity (Moir and Moot, 2010). When the soil pH was below 5.6, the nodulation of both legumes was 
suppressed (Figure 4.35). The relationship (R2=0.99 and 0.81 for lucerne and Caucasian clover, 
respectively) between number of nodules and the available Al in the soil of the Lees Valley (Figure 
4.37a), indicates more tolerance in Caucasian clover nodulation compared with lucerne. There was a 
rapid increase in the number of Caucasian clover nodules with Al content below 4 mg/kg soil. For 
lucerne nodules, this increase did not occur until the Al content dropped below 1.5 mg/kg soil.  
The percentage of nodulated plants for Russell lupin remained constantly over 75%, over two years of 
the field experiments at Glenmore Station and Ashley Dene. In contrast, lucerne and Caucasian clover 
nodulation decreased over time in the high Al soil at Glenmore Station, but not at the moderate levels 
of Al at Ashley Dene. This result confirmed the pot experiment results, and indicated that the 
nodulation failure in high Al levels was the main constraint for lucerne.   
The rapid decline in nodulation could be attributed to the direct effect of aluminium on the growth 
and survival of rhizobia and hence a decline in number with low soil pH (Cooper et al., 1983; Coventry 
et al., 1989), or poor survival of the added inoculant rhizobia. The molecular studies on rhizobia strains 
obtained from lucerne nodules (Chapter 7), suggest a higher diversity of rhizobia genotypes as the pH 
was increased in the Lees Valley soil. In addition, most probable number (MPN) studies at Lincoln 
University (Ridgway, 2014, unpublished data) confirmed the lack of rhizobia in the original soil of 
Glenmore Station. Interestingly, the MPN of bacteria in the 0 lime treatment at Glenmore Station (soil 
pH of 5.2, and Al>7 mg/kg) was zero, and increased to 1100 cell/g soil as soil pH was elevated to 5.7 
(Section 5.3.2.1). At this soil pH (5.7), Al content was 1.5 mg/kg in 0-75 mm of soil surface. Brockwell 
et al. (1991) indicated that the numbers of naturally occurring S. meliloti in non-cultivated soils in 
central New South Wales was highly depended on soil pH. It has also been reported that the stressful 
environments (e.g. low pH) limit rhizobial communities to less than 100 cell/g of soil (Howieson and 
Ballard, 2004). As a consequence, the rhizobial community of the soil was insufficient in number to 
trigger the symbiosis with the sown legumes. Sinorhizobium meliloti is reported to be the most acid-
sensitive species of rhizobia (Tiwari et al., 1992; Vincent, 1981). Their results showed that the mean 
number of S. meliloti at 16 sites with soil pH >7.0 was 89000/g soil, while the mean number at 37 sites 
of pH≤ 6 was only 37/g. 
The higher nodule occupancy with naturalized strains compared with the commercial strain (Figure 
7.14) suggests the competitive ability of the identified naturalized S. meliloti to displace the 
commercial strain in higher soil pH. About 50% of the isolates recovered from lucerne nodules at soil 
pH of 5.5, were the commercial strain of S. meliloti (RRI128). This proportion decreased from 50% to 
only 6% as the soil pH elevated to 6.7, as the commercial genotype has been replaced by other rhizobia 
genotypes (Figure 7.14). This result agrees with Streeter (1994) and Brockwell et al. (1995a) who 
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reported the failure of inoculant rhizobia to overcome the dominance of indigenous strains for nodule 
formation. Soil pH had been shown to affect the competitive ability of rhizobia strains to occupy nodule 
sites (Frey and Blum, 1994).  
8.2.3 Phosphorus availability 
Lucerne shoot DM was 30 to 40 percent higher than Caucasian clover in response to phosphorus rates 
over 60 mg P/kg soil (Figure 4.11).The interaction effect of species × P rates on total shoot yield 
indicated (Figure 4.11) higher production for lucerne than Caucasian clover in response to P rates. 
However, the yield response to lime was greater than phosphorus in the aluminium-saturated soil of 
the Lees Valley. This result agrees with Mugwira and Haque (1993), who showed that in an acid soil 
with toxic aluminium levels, yield response to lime was greater than phosphorus and vice versa. 
Previous studies indicated most of the phosphate fixed in the acidic soil was bound to Al (Haynes, 1982; 
Hsu, 1964; Saunders, 1965; Wells and Saunders, 1960; Williams, 1981). Therefore, phosphorus 
deficiency in the soil of the Lees Valley (Olsen P=9 mg/L) was expected, due to high Al content. Addition 
of the 250 mg P/kg to this soil increased the P availability to 36 mg/L, in the soil pH of 5.4. Interestingly, 
P was further increased to 51 m/L with the 0.5 t/ha of applied lime, that indicates some of the fixed P 
was released by decreasing the exchangeable Al levels (Figure 4.21). The addition of P alone, decreased 
1.6 mg Al/kg soil. When P and 0.5 t lime/ha was added together, the exchangeable Al level decreased 
from 7.6 mg/kg to 1.8 mg/kg. Results showed that the reduction of only 1.0 mg Al/kg soil was due to P 
addition (Figure 4.22). Similarly, at Glenmore Station, the availability of phosphorus in 0-75 mm of soil 
depth, was affected (P<0.01) by lime rates. Soil test results of different lime rates showed that the 
Olsen P levels were associated (Figure 5.20, R2= 0.69) with lime rates. An Olsen P of 14 mg/L was 
measured in the control and this increased to 20 mg/L with 1.0 t/ha of surface applied lime, and up to 
a maximum of 24 mg/L with the 2 t/ha of applied lime (Figure 5.18). P level was slightly decreased (4 
mg/L) with the 4 t/ha of applied lime. These results from Field Experiment B at Glenmore Station were 
consistent with the results from Pot Experiment 3. However, addition of the 250 mg/L of applied P in 
Pot Experiment 3 (equivalent to 199 kg P/ha) is not economically viable. But this experiment studied 
the relationship between Al, soil pH and P application. These results show the importance of 
investigating Al levels in the soil profile before any application of P fertilisers. 
8.2.4 Drought 
At the Lees Valley the potential evapotranspiration (PET) exceeded rainfall, during summer (Nov-Jan), 
indicating the moisture stress period (Table 3.1). At Glenmore Station this moisture stress period was 
extended from October to March, due to lower rainfall than the Lees Valley (Table 5.1). At Ashley Dene 
Long-term annual average rainfall is 633 mm which is evenly spread throughout the year. Annual 
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Penman potential evapotranspiration (PET) is 1094 mm which generally exceeds rainfall from 
September to April (Table 6.3). These results indicate the longer period of moisture stress at Ashley 
Dene compared with the two other sites. Conversely, at Ashley Dene, the higher soil and air 
temperatures during autumn provided a longer growth period compared with the Lees Valley and 
Glenmore Station.  
In addition to moisture stress, high temperature of near soil surface could be another limit for 
persistence of shallow root species. For example at Ashley Dene, near soil surface temperature 
exceeded 40 ⁰C during summer (NIWA, National Institute of Water and Atmosphere Research, New 
Zealand, http://cliflo.niwa.co.nz/). In this harsh condition, white clover for instance, probably fails to 
survive due to stolon death. Results from the Lees Valley field experiment (Chapter 3) suggested it is 
likely the white clover died each summer and was establishing from seed on a regular basis. In contrast, 
The root system of Caucasian clover allowed the plant to persist under unfavourable conditions, such 
as low fertility (Fu et al., 2001).  
8.3 Mitigation strategies 
Results of this research showed both N and P deficiency of legumes in the Lees Valley soil were related 
to high exchangeable Al. Therefore the mitigation strategies can be successful if the Al toxicity issue 
was addressed.  
8.3.1 Surface lime application 
When the soil pH is below optimum (pH<5.8) and Al levels in soil profile are not higher than 4 mg/kg, 
then it is possible to elevate the soil pH by surface lime application, and cultivate lucerne as the dryland 
specialist plants. The field experiment at Ashley Dene (soil pH of 5.2 with 4.2 mg Al/kg soil) showed 
lucerne yielded 8 t DM/ha in the second year (Figure 6.18) with 1.0 t/ha of surface applied lime shown 
to be beneficial for establishment. Results of the field experiments in this PhD project indicated 
significant changes in the top-soil pH and exchangeable Al, when lime was applied on surface. At the 
Lees Valley, the 5 t/ha of surface lime application, increased the top-soil pH from 5.3 to 6.0 and reduced 
the Al to 1.8 mg/kg. Therefore, liming was beneficial for the sown legumes establishment at the Lees 
Valley as well as at Ashley Dene. Results showed a rapid increase of aluminium to toxic levels (Figures 
4.20 and 5.6) below pH of 5.6, of the Lees Valley soil. This result agrees with that reported by Moir and 
Moot (2014) and Hochman et al. (1992) for New Zealand Brown soils. Despite changes in the Lees 
Valley top-soil, liming did not elevate the pH or reduce the aluminium content in deeper soil horizons, 
after six years (Tables 3.3 and 3.4). These results supports reports from Moir and Moot (2010 and 
2014) who indicated significant changes in the top-soil pH and Al but very small changes in deeper soil 
horizons even after six years of surface liming, at the same site but from a different experiment. in 
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contrast with the Lees Valley, at Glenmore Station (Field Experiment B) even the top soil pH did not 
respond to lime application levels below 4 t/ha. The pH level in 0-75 mm remained at 5.2-5.3 regardless 
of lime application of 0.5, 1.0 or 2.0 t/ha.  
Combined results from pot (Chapter 4) and field experiments at the Lees Valley (Chapter 3) and 
Glenmore Station (Chapter 5) indicated when the Al level is high, especially in deeper soil horizons, 
then the chance of lucerne survival is scarce. In this case, the main strategy should be directed to fit 
the best species to the region according to the site specific characteristics in the acidic high country. 
Results indicated a high potential for Russell lupin to be included in high Al soils of Glenmore Station 
and other similar environments.  
8.3.2 Fit the Al tolerant species into the farming system 
In high Al levels, if surface applied lime is the only option, Russell lupin and Caucasian clover would be 
recommended ahead of lucerne. Results from Field experiment B at Glenmore Station, and Ashley 
Dene showed no effect of lime on the growth or nodulation of Russell lupin plants. However, liming 
could be beneficial for Caucasian clover. Moot and Pollock (2014) similarly, reported no effect of lime 
on the Russell lupin growth from their separate field experiment at Glenmore Station. Russell lupins 
were successfully established into the resident vegetation in Field Experiment B at Glenmore Station. 
Russell lupin with 11 t DM/ha had the highest dry matter yield amongst the sown species. The vigorous 
growth of this species in the presence of high aluminium in the soil highlights its potential to provide 
a nitrogen fixing perennial legume in an environment that is unsuitable for lucerne. The height of the 
lupin plants suppressed the resident weeds and can provide a shelter for lambing. 
The dry matter yield of balansa clover was notable in the first year (8 t/ha). This indicates the potential 
of balansa to be sown as a companion species in high Al soils. However dry matter reduction in the 
second year, suggests balansa could not regenerate the following year. Balansa can provide high spring 
feed in a short time but regeneration failure limits its use.  
Volunteer white clover was present at Glenmore Station and in many other high country regions. Its 
low production over six years at the Lees Valley indicates Russell lupin and Caucasian clover species 
would be recommended ahead of white clover for high country regions in New Zealand.  
Red clover production in the Lees Valley showed it has a potential in high country regions. However its 
dry matter yield decreased after 5 years. It could be used as a companion with lupin, but then 
Caucasian clover will be suppressed.  
The constant nodulation rate of Russell lupin over time was the key factor of successful establishment 
and persistence at Glenmore Station even without any lime application needed. Ryan-Salter et al. 
 182 
(2014), Investigated the nodulation of Russell lupin in 10 different sites of the South Island. They 
showed rhizobia capable of nodulating Russell lupin were present across a wide range of sites. This 
suggests the potential of using these naturalized rhizobia for high country regions.  
8.3.3 Al tolerant strains of rhizobia to improve the biological nitrogen 
fixation. 
Eight naturalized strains of S. meliloti were identified from lucerne nodules grown in different high 
country regions in South Island (Chapter 7). This was the first identification report of any naturalized 
S. meliloti occupying lucerne nodules in New Zealand. Currently, a PhD research has started at Lincoln 
University to evaluate competitive ability, nodulation and nitrogen fixation rate of these identified 
naturalized strains along with other potentially Al tolerant strains from Australia (Charman et al., 
2008). The identification of indigenous or naturalized rhizobial strains can lead to the selection for 
increased nitrogen fixation, competitive ability, or environmental stress tolerance (Thies et al., 1992; 
Thies et al., 1991). 
8.3.4 Liming in depth 
From a practical perspective, if the soil can be amended by the addition of 2 t lime/ha, incorporated 
down to at least 30 cm, then lucerne may be a viable option. This treatment in Pot Experiment 3 
resulted 300 g shoot DM/m2 compared with zero survived plants in the control. However, liming in 
deeper soil horizons needs developments in the technology of machinery to apply lime in depth.  
8.4 Conclusions 
The research presented in this thesis has investigated constraints for lucerne and Caucasian clover 
growth in acidic high country soils of New Zealand. Then, according to the impact of main limiting 
factors possible mitigation strategies were examined and discussed. Specific conclusions were:   
N deficiency was the main limiting factor for lucerne growth and persistence in acidic high country soils 
of New Zealand. This deficiency resulted from poor nodulation of lucerne due to toxic Al levels of high 
country sites. Results showed Caucasian clover was not a tolerant species to Al in the pot experiment 
3. But in the field the rhizomes storing N was assuring the nitrogen demand was addressed at the 
beginning of each growth season. In contrast, lucerne roots, as the only N storage organ, were dying 
over time due to Al toxic levels. Caucasian clover were slow to establish, needed lower rates of P than 
lucerne, and showed higher nodulation rate and survival in the soil Al levels above 4 mg/kg.  
Russell lupins were successfully established into the resident vegetation at Glenmore Station. Its 
vigorous growth and particularly constant nodulation in high aluminium content of the soil highlighted 
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its potential to provide a nitrogen fixing perennial legume in an environment that is unsuitable for 
lucerne.  
Eight naturalized strains of Sinorhizobium meliloti were identified from lucerne nodules grown in 
different high country regions in the South Island (Chapter 7). This was the first identification report of 
any naturalized S. meliloti occupying lucerne nodules in New Zealand. In addition, the higher nodule 
occupancy with naturalized strains compared with the commercial strain suggested the competitive 
ability of the identified naturalized S. meliloti to displace the commercial strain in higher soil pH. 
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Appendix A 
Chapter 3 
A. 1 Values of accumulated dry matter (kg DM/ha) of legume species sown in the Lees Valley 
based on harvest date in Year 1 (2006/2007).  
Date 13/10/06 07/12/06 16/01/07 18/04/07 20/06/07 
Caucasian clover ------ 18 432 982 1694 
Lucerne 319 443 2661 3452 4152 
Red clover 404 1394 3028 4021 4808 
White clover 485 944 2907 3497 3973 
SEM 41 195 467 463 464.5 
LSD 132 624 1494 1483 1486 
P value <.001 0.004 0.01 0.005 0.005 
A. 2 Values of accumulated dry matter (kg DM/ha) of legume species sown in the Lees Valley 
based on harvest date in Year 2 (2007/2008).  
Date 01/07/0
7 
29/08/0
7 
20/09/0
7 
25/10/0
7 
05/11/0
7 
20/11/0
7 
26/02/0
8 
08/04/0
8 
Caucasian 
clover 
533 637 686 846 1340 1946 3142 4084 
Lucerne 508 532 593 653 1156 1770 2845 3381 
Red clover 512 649 681 923 1486 2020 3198 4500 
White clover 484 545 661 955 1781 1407 2538 3501 
SEM 23.7 41 16.6 56 71 381 370 407 
LSD 76 131 23 127 225 1218 1183 1304 
A. 3 Values of accumulated dry matter (kg DM/ha) of legume species sown in the Lees Valley 
based on harvest date in Year 3 (2008/2009). 
Date 25/09/08 21/10/08 14/01/09 21/04/09 
Caucasian clover 1550 1552 2424 2731 
Lucerne 1315 1384 2326 2730 
Red clover 1649 2067 3666 4072 
White clover 1734 2200 3191 3516 
SEM 137 236 250 265 
LSD 439 754 798 846 
185 
A. 4 Values of accumulated dry matter (kg DM/ha) of legume species sown in the Lees Valley 
based on harvest date in Year 4 (2009/2010). 
Date 16/09/09 24/11/09 02/03/10 09/06/10 
Caucasian clover 962 3330 3534 3620 
Lucerne 219 955 1093 1203 
Red clover 578 2818 3042 3219 
White clover 395 2130 2313 2450 
SEM 179 365 383 365 
LSD 572 1168 1225 1168 
 
A. 5 Values of accumulated dry matter (kg DM/ha) of legume species sown in the Lees Valley 
based on harvest date in Year 5 (2010/2011). 
Date 04/11/10 25/11/10 
Caucasian clover 1102 1634 
Lucerne 213 347 
Red clover 735 1319 
White clover 779 1158 
SEM 175 160 
LSD 560 511 
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Appendix B 
Chapter 4 
B. 1 Values of shoot yield, root DM, total root length, Number of nodules/pot, and soil pH 
of lucerne and Caucasian clover plants grown under glasshouse conditions in Pot 
Experiment 1 that contained the Lees Valley soil supplied with increasing rates of 
phosphorus (8 rates of [Ca (H2PO4)2.H2O] ). 
Factor Shoot 
DM (g / 
m2) 
Root DM 
(g / pot) 
Total Root 
Length (cm) 
Number of 
nodules/pot 
Soil pH 
Species 
Lucerne 972 11.2 2683 a 29.2 6.32 
Caucasian 
clover 
527 11.6 1776 b 31.8 6.26 
Grand mean 750 11.4 2230 30.5 6.29 
SEM 49.1 0.492 142.9 2.11 0.019 
LSD (5%) 139.7 1.4 406.2 6 0.056 
P rate (mg/kg soil) 
0 433 7.2 a 2337 abc 25.6 ab 6.36 
10 555 9.1 ab 2300 abc 16.5 a 6.37 
30 541 9.9 ab 1966 ab 19.4 a 6.31 
60 636 10.8 bc 2639 bc 17.5 a 6.28 
100 829 10.3 b 2107 ab 35.5 bc 6.28 
250 962 13.4 cd 1746 a 34.4 bc 6.20 
500 835 14.0 de 1769 a 38.5 c 6.22 
1500 1206 16.2 e 2972 c 56.6 d 6.28 
SEM 98.3 0.984 285.7 4.22 0.039 
LSD (5%) 279.4 2.8 812.5 12.1 0.11 
P 
(Significance) 
Species *** ns *** ns * 
P rate *** *** * *** * 
Species× P 
rate 
*** ns ns ns *** 
***, **, * indicate the treatment effect being significant at P<0.001, P<0.01, P<0.05 respectively. 
B. 2 The interaction effect of Species× P rates on total shoot yield (g/m2) in Pot Experiment 
1 that contained the Lees Valley soil supplied with increasing rates of phosphorus (8 
rates of [Ca (H2PO4)2.H2O] ). Values with the same letter are not different significantly. 
LSD (5%)*: for comparision of means within the same species. 
Phosphorus rates (mg/kg soil) 
Species 0 10 30 60 100 250 500 1500 
Lucerne 522d 524d 630cd 737cd 1004bc 1234b 1339b 1790a 
Caucasian clover 343d 586d 452d 536d 654cd 691cd 348d 622cd 
LSD (5%) 407.2 
LSD (5%)* 287.9 
SEMA×B  143 
Note: Subscripts A and B represent Species and Phosphorus rates respectively. 
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B. 3 Values of shoot yield, root DM, total root length, Number of nodules/pot, and soil pH 
lucerne and Caucasian clover plants grown under glasshouse conditions in Pot 
Experiment 1 that contained the Lees Valley soil supplied with increasing rates of lime 
(5 rates of CaCo3; ranging from 0- 15 t/ha equivalent) . 
Factor Shoot DM 
(g/m2) 
Root DM (g 
DM/pot) 
Total Root 
Length (cm) 
Number of 
nodules/pot 
Soil 
pH 
Species      
Lucerne 916  8.7  1957 23.2 6.2 a 
Caucasian 
clover 
713  11.0  1725 30.2 6.1 b 
Grand mean 815 9.9 1841 26.7 6.15 
SEM 42.0 0.7 161.3 3.11 0.03 
LSD (5%) 121.4 1.89 466 8.99 0.08 
Lime rate (T/ha)      
0 124  5.5  955  8.38 a 4.9 a 
2 659  11.2  2007  24.4 b 5.4 b 
5 949  11.5   1936  28.4 b 6.0 c 
8 1261  10.1  1988  34.6 b 6.9 d 
15 1081  11.0   2319  37.8 b 7.5 e 
SEM 66.5 1.04 255.1  4.92 0.05 
LSD (5%) 192.0 2.98  736.8 14.22 0.14 
P (Significance)      
Species ** * ns ns ** 
Lime rate *** *** ** ** *** 
Species× Lime 
rate 
** ** *** ns ns 
***, **, * indicate the treatment effect being significant at P<0.001, P<0.01, P<0.05 respectively. 
 
 
B. 4 The interaction effect of Species× lime rates on total shoot yield (g/m2) in Pot 
Experiment 1 that contained the Lees Valley soil supplied with increasing rates of lime. 
Values with the same letter are not statisticaly different. LSD (5%)*: for comparision of 
means within the same species. 
Lime rates (T/ha) 
Species 0 2 5 8 15 
Lucerne 0.0 e 828.9 c 1006.7 bc 1396.2 a 1349.7 a 
Caucasian clover 248.7 de 489.9 d 891.1 bc 1124.8 ab 812.7 c 
LSD (5%) 271.5 
LSD (5%)* 192.0 
SEMA×B  94 
Note: Subscripts A and B represent Species and Lime rates respectively. 
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B. 5 The interaction effect of Species× lime rates on Root DM (g/m2). in Pot Experiment 1 
that contained the Lees Valley soil supplied with increasing rates of lime. Values with 
the same letter are not statisticaly different. LSD (5%)*: for comparision of means within 
the same species 
Lime rates (T/ha) 
Species 0 2 5 8 15 
Lucerne 0.0b 11.67a 11.0a 10.0a 10.9a 
Caucasian clover 11.0a 10.82a 11.0a 10.3a 11.0a 
LSD (5%) 4.22 
LSD (5%)* 2.99 
SEMA×B  1.46 
Note: Subscripts A and B represent Species and Lime rates respectively. 
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B. 6 Values of shoot yield, root DM, root/shoot ratio, total root length, root volume and root 
surface area of lucerne plants grown in the P.V.C tubes (Pot Experiment 3) contained 
the Lees Valley soil supplied with nitrogen source in 3 levels, increasing rates of lime (5 
rates of CaCo3; ranging from 0- 4 t/ha equivalent) and phosphorus (2 rates of [Ca 
(H2PO4)2.H2O]). 
Variable Shoot 
Yield (g 
DM/ m2) 
Root DM 
(g / m2) 
Root/Shoot 
ratio 
Total Root 
Length 
(cm) 
Root 
Volume 
(cm3) 
Root 
Surface 
Area (cm2) 
Nitrogen source 
Control 126b 125 1.09a 1169 7.2 296 
50 Kg N/ha 190b 163 0.65b 1879 9.4 436 
Rhizobia 
inoculant 
465a 562 1.41a 2807 28.7 925 
Grand mean 260 283 0.96 1952 15.1 553 
SEM 53.4 50 0.08 98.8 2.54 47.1 
LSD (5%) 184.7 173.1 0.29 342 8.8 163.1 
P (Significance) ** ** * ** * ** 
Lime rates (T/ha) 
0 27c 19 1.41a 471 1 74 
0.5 267b 176 0.61c 1560 6.6 344 
1 178bc 199 0.71c 1397 10.9 390 
2 280b 402 1.01b 2440 21.8 712 
4 551a 621 1.066b 3888 35.3 1243 
SEM 64.2 38.6 0.08 198.1 2.94 48.8 
LSD (5%) 181 108.9 0.23 558.4 8.28 137.6 
P (Significance) ** ** ** ** ** ** 
Phosphorus rates (mg/kg soil) 
0 202 201 0.87 1854 11.6 483 
250 319 366 1.05 2050 18.6 622 
SEM 39 23.9 0.03 165.4 1.4 38.6 
LSD (5%) 124.8 76.6 0.09 529.1 4.47 123.6 
P (Significance) ns ** ** ns * * 
P (Significance) for interaction effects 
Nitrogen×lime ns ** ** * ** ** 
Nitrogen×P ns * * ns * ns 
Lime×P ns ** ns ns ns ns 
Nitogen×P×lime ns * ns ns ns ns 
**, * indicate the treatment effect being significant at P<0.01, P<0.05 respectively. 
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B. 7 Mean comparissons of the interaction effect of Nitrogen source× P × Lime rates on Root 
DM (g/m2) of lucerne plants grown in P.V.C tubes with the high country soil of the Lees 
Valley. Values with the same letter  are not statisticaly different. 
  Lime rates (T/ha) 
Nitrogen source Phosphorus (mg P/kg soil) 0 0.5 1 2 4 
Control 0 0e 0e 16e 57e 271de 
250 0e 0e 12e 62e 831b 
50 kg N/ha 0 7e 27e 115e 115e 443cd 
250 23e 80e 29e 127e 657bc 
Rhizobia inoculant 0 2e 146e 265de 880ab 670bc 
250 77e 799b 759b 1170a 852b 
LSD (5%) 290.1 
SEMABC 102.6 
Note: Subscripts A, B, and C represent Nitrogen source, P and Lime rates respectively. 
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B. 8 Values of shoot yield, root DM, root/shoot ratio, total root length, root volume and root 
surface area of Caucasian clover plants grown in the P.V.C tubes (Pot Experiment 3) 
contained the Lees Valley soil supplied with nitrogen source in 3 levels, increasing rates 
of lime (5 rates of CaCo3; ranging from 0- 4 t/ha equivalent) and phosphorus (2 rates of 
[Ca (H2PO4)2.H2O]). 
Variable Shoot 
Yield (g 
DM/ m2) 
Root 
DM (g / 
m2) 
Root/Shoot 
ratio 
Total Root 
Length 
(cm) 
Root 
Volume 
(cm3) 
Root 
Surface 
Area (cm2) 
Nitrogen source 
Control 63.4 77 0.97 1639 6.13 338 
50 Kg N/ha 86.0 93 1.06 2240 7.55 445 
Rhizobia 
inoculant 
312.7 318 1.02 3184 15.85 766 
Grand mean 154.0 162 1.02 2354 9.84 517 
SEM 36.46 41.1 0.01 194.8 1.18 48.3 
LSD (5%) 126.16 142.4 0.34 674.1 4.07 167.3 
P (Significance) * * ns * * * 
Lime rates (T/ha) 
0 62.8 68 0.98 1318 3.50 235 
0.5 73.3 80 1.00 1836 4.79 322 
1 130.5 110 0.90 1625 5.97 330 
2 204.5 217 1.00 3032 11.79 646 
4 299.0 338 1.20 3962 23.15 1049 
SEM 17.89 26 0.08 193.2 1.30 48.8 
LSD (5%) 50.44 73.2 0.23 544.7 3.65 137.5 
P (Significance) ** ** ns ** ** ** 
Phosphorus rates (mg/kg soil) 
0 150.4 174 1.08 2632 10.52 561 
250 157.7 151 0.96 2077 9.17 472 
SEM 7.08 10.5 0.04 132.9 0.80 30.5 
LSD (5%) 22.66 33.5 0.11 425.0 2.55 97.6 
P (Significance) ns ns * * ns ns 
P (Significance) for interaction effects 
Nitrogen×lime * ns ns ** ns * 
Nitrogen×P ns ns ns ns ns ns 
Lime×P ns ns ns * * * 
Nitogen×P×lime ns ns ns ns ns ns 
**, * indicate the treatment effect being significant at P<0.01, P<0.05 respectively. 
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B. 9 Nodule assessment for lucerne and Caucasian clover grown in the P.V.C tubes (Pot 
Experiment 3) that contained the Lees Valley soil supplied with nitrogen source in 3 
levels, increasing rates of lime (5 rates of CaCo3; ranging from 0- 4 t/ha equivalent) and 
phosphorus (2 rates of [Ca (H2PO4)2.H2O]). 
Species Lucerne Caucasian clover   
Variable Number of 
nodules/pot 
Nodulation 
score 
Number of 
nodules/pot 
Nodulation 
score 
  
Nitrogen source 
Control 5.40 2.30 16.30 2.59   
50 Kg N/ha 17.00 3.86 30.10 3.24   
Rhizobia 
inoculant 
75.80 6.24 152.90 6.57   
Grand mean 32.70 4.13 66.40 4.13   
SEM 9.12 0.33 14.32 0.33   
LSD (5%) 31.60 1.15 49.56 1.14   
P (Significance) * ** ** **   
Lime rates (T/ha) 
0 4.30 1.92 17.50 2.04   
0.5 13.60 2.85 62.80 2.92   
1 16.60 3.79 41.40 3.54   
2 53.10 5.90 87.10 5.56   
4 76.00 6.21 123.30 6.60   
SEM 8.00 0.34 14.29 0.25   
LSD (5%) 22.60 0.97 40.28 0.71   
P (Significance) ** ** ** **   
Phosphorus rates (mg/kg soil) 
0 27.10 4.10 58.70 4.12   
250 38.40 4.20 74.20 4.14   
SEM 5.00 0.25 6.60 0.25   
LSD (5%) 16.00 0.80 21.10 0.81   
P (Significance) ns ns ns ns   
P (Significance) for interaction effects 
Nitrogen×lime ** * ns **   
Nitrogen×P ns ns ns ns   
Lime×P ns ns ns ns   
Nitogen×P×lime ns ns ns ns   
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